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1 am honored to provide 3 foreword to this, the sixth
o o Nus aplid ety Physiology. When
edition of this work published in 1969, it
s s e e o oo b T
teaching of respiratory physiology s interspersed
throughout medical training, and the book fulfilled the
e of both the begnning et lesrming ch sssn-
tals of respiratory physiology and the experienced clini-
cian needing to learn more about 2 specific topic. Over
the years, the subject of respiratary physiology has grown
and mlmi b ol et e There have

anstomy, mechanics, conteol of breathing, ventiation
circulation, ventlation-perfusion matching, diffusion,
Carbon dioxide and oxygen, and non-respisatory func-
it f the g, The seson art s apaled phycokoey
discusses the effects of pregnancy, excrcise, sleep, alt-

tude, pressure, drowning, smoking, anesthesia, hypocap-
i, bypercarbia, hypoxia, hypesosia, and anemia. The

vascul
mal lung d.m, Scare g tfury) and. thempies (i

respisory
. cellular, bioche:

exchenge sad g
e s oot o o

Although

nmlz:ulﬂr ol e e v of the o
¥ to create two parts to the book in order
o epirstelyeriphasios b peccples sl el
tions of respiratory physiclogy. Tt n

ook, poblahed n 2000 ollowing D N et
was edited by Andress Lumb and markedly increased the
mphasis on ke spic b adding 3 thind secton on
physiology of pulmonary disease. In order to contine the
goal of having a single yet comprehensive volume, the
fifth edition included & major revision with removal of
older lierature andl topics. This process parallels t
process of cursiculum revision that i occurring in
medical schools throughosst the world.

“This sixth cdition maintains the tradition of present-
ing respiratory physiology in 3 manner that can be under-
stood by studens,clinicians, and imvestigators, The book
continues the three-pronged approach adopted in the
fifth edition. The first part on basic princip

los covers

2 Snpronei Ly
s o S s P b e o i g
o The now clion has maskedly Sapan cov-
erage of molecular physiology and clinical pharmacology
relevant 0 the lung, but with the format changes th
ookl fea st o

e decades, Nunn's Applied Respi-
ratory ooty el e i
standing this important subject. This sixth edition will
take a place on my boakshelf next 1o my well-used copy
ofth st edilon, | icpate that i e cdtion il
soon be equally ved snd conpatulte Dr Lus on an
ntnsmding wplee of his v e

Ronald G Pearl




Over the past 36 years Numn's Applied Respiratory Phys-
iology has developed fnto a renowned textbook on respi-
ation, providing both physiologists and clinicians with a
unique fusion of underlying principles and their spplica-
tions. With Dr John Nunn’s retircment in 1991, a

indepth research into the physiological mechanisms

underlying recepor activity. For example, the molecular
‘mechanisms of the [adrenoreceptor in airvay smool
muscle arc now elucidated in enormous depth in the
scarch for more efficacions agonists.

fevuncs o il sl siee the last
edition are too numerous to mention individually, but
Continue  foces on bewer understnding of physo-
logical processes at the cellular 3nd molecular fevels. Un-
ersanding of severs protes mvolved in repisery
physiology has advanced rapidly in recent years. A fasc

kwqw o omerbessveseeunt of bl coplnory
b

Tl el This approach ukmwm the
populrity of the book amongst doctors from many
el specinties and wll hopeflly proride readers
with s scientific background even greater insight into the
applicationsof resiratory physiology, Clnical chaptersin
Part 3 of the book are not intended to be comprehensive
reviewsof the pedmonary discases considered, but in each

whihisnoe
Known 0 s e o s, oferin a0 amin scid

i eeoyica which, b el oved hrmes
el i close,rppig the roese
within the @-antitrypsin mol amples
i ot i i
the actions of hacmoglobin, carbonic anbydrase and basd
3, the protein responsible for the exchange of chloride

P physiolos:
feal changes that occur,accompanied by brief accountof
the clincal features and treatment of the disease

the sixth edition, the most noticeable_change
selites o the book's format, which has allowed better
linkoge betsween the text and cables/fures. Key refer-
ences have been dentfed by an sterisk in the reference
Tt ollowing cach chapter. These references are high-
lighted because they either provide owtstanding recent
rescuss oftheirsubjector describe research that s had

Snippets of information on
fpreviouscditions,

P

o s G L

aseat i s
why h

Lvvish to personally thank the many people who have
helped with the preparation of the book, including the
rous collesgues weho have encouraged and asssted

my acauisition of knowledse in subjects not so close to
my own areas of interest. 1 am slso indebed 1o Pro-
fessor Pl for his kind

Special Collections and the Wellcome Library; Lon
for their expertise concerning the historical documents
used for researching and. illustrating Chapter 13. 1
remain especialy indebred to Dr Nunn for his contin-
ued support of the book and its author, and wosld like
to thank him for once again providing an excellent
Chapter | s eoreof rel s‘mwxphue Los bt

than | had anticipated. The story s fascinating, aad pep-
pered with starkly erroncaus concepts, some of which

and Jenny for izt ating 3 pre- om,w.a i
husshand/facher for so long. Jenny, when aged 5, often

pessisted for many centuries, and vehement academic  enguired sbout my activities in the study, until one
contraversies. evening she nicely summarized my years of work by
has  confidently  you don't breathe, you

f this
been included sbout drugs that affect the respiratory
it Poenl Hesomeant Ve oF s ine
pulmonary receptors has been the driving force for

die’. So what were the other 471 pages about?

Andrew B Lumb




Clinicians in many branches of medicine find that their

work demands an extensive knosedge of respiratory
physiollgy. This applies parcicularly to snaesthetists

\orking in the operating theatre or in the intensive care
ani. It s unfortunately common experience that respia-
‘ory physiclogy lesmed in he preclinical years proves to
be an incomplete preparation for the  clinical ficld
e, e s of e el corsc e,

Chapters are designed to be read scparately and this

has required some repetition. There are also frequent
Croseaference betvten the haptes. The priciles of
ot of et a1 sl dcred tgethe nt che
end of each chapter or section.

In spite of optimistic hopes, the book has taken six
e o il form, B has e ove e
st e yer o 4 s of e nd tutorials

many cases o of e it he practicl prolems et e Koy Coltye of Royal Post.
okt e e q\ullﬁculm\ and specialization. Much  graduate Vi School, o oy of e
that is aught d i ik she clil

otincet il o fhe oGh b 2 1ot any physio-
logical problerss highly rélevan to the survival of patients
m ke culum. i to be hoped that new

he teaching of medicine may overcome
he ichotomyand that, inpartculr, mucholl eained
fromsh ncgraion of phyllogy withcinicl iy

This book is designed 1o bridse the gap betw

ooy physologg s e o o saticas e
neither a primer of respiratory physiology nor a practical
manusl for use in the wards and operating theatres. It has
o sims. First, | have tred to explain those aspects of

been privileged to visit. Blackbaard sketches have grad-
wally taken the fare of the figures that appear in this
k.

“The greater part of this book is ditilled from the work
fessor W Mehille

the study of clinical respiratory physiology
worked under the late Professor Ron

furcher six years. My debt to them s very great. [ have
also had the good fortune to work in close contact with
many gied collages who hve ot besaed 1o

are, particularly in the field of ansesthesia. Secondly, 1
have brought together in revies those sudics that seem
to me to be most relevant to clinical work. Inevitably
there has been a preference for studies of man an
icular stress has been laid on those functions in which
man appears to differ from laboratory animals. There is
an anashamed emphasis on anacsthesia because | am an

hetist. However, the work in this speciaty spreads
freely into the terrtory of our neighbours

References have been 3 problem. 1t s clearly imprac-

e o quot every work that deseres menton. In

e cd e o nfemorve sod e ot

s been broken on
v di

, but this e

of the relevant mmm] T must apologize 1o the writers
es to be cited 35 a
ol bt cx itk e Hive neslided
naming more than three authors for any paper.

experience.

e 7y e o D o
Sevcrighavs, Professor Morn Compball, Dr John
Butler and Dr John West, For my own stu

acknowledge with gratitude the part played by a ]m\g

s of research fellows and assistants. Some fifteen are
b

have iven il help n s snd cicing b

il 1 st chark my i who s o oy borne
the inevitable preoccupation of a hushard writing s book
but has alo carsied the burden of the papervork and
prepared the maniscript.

John F Nusn




Chapter

The atmosphere

Dr John F Nunn

KEY POINTS
® The mass of the Earth and its distance from the.

is in inorganic chemical discquilibrium and is an indica-
tion of the existence of life

THE

surface water
and the retention in ts atmosphere of oxygen,
arbon dioide.
& Primitive lfe forms generated eneray by

Formation of Earth and the prebiotic atmosphere

The carth was formed by a relatively short-lived but
intense gravitational accretion of rather large planetesi

oxygen as a waste product, and by doing so
they faciitated the development of an oxygen-
containing atmosphere and aerobic organisms.
Carbon dioxide was initially the main
component of the Earth's atmosphere, but by
300 million years ago rock weathering and
Pintetie i
current low levels

i s sopafen hat v of
fossil fuels and deforestation are causing an
increase in atmospheric carbon dioxide,
unprecedented i the last 40 million years.
However, ther mediate lielihood of a
physiolagically significant reduction in orygen
concentration.

The atmesphee of Bt e il diften rom s
= the sl st (G 1) T
is because of two main reasons. First, p«nlure has
i e ctmcuceof N ot e oo
least 4000 million years (Ma), and this has resulted in

the rocky planets Venus and Mars. Second, the existence.
of liquid surface water enabled living organisms to
appear st a very early stages life forms then evolved to
undertake oxygenic phtosynhess. When oxygen sinks
were saturated, oxygen appeared in the atmospl
some organisims began to utilise highly efficient o
metsbolic pathways. An atmosphere containing oxygen

mals, 0 Ay formed sun some 4560 Ms ago.
The kinetic energy of the inapacting bodies was sufficient
to raise the temperature to 2 few thousand degrees
Celsius. This would have melted the entire Earth, result-
ing in loss of the primary atmosphere.

Tarth cooled rapidly by radiation when the
bombardment abated and the very high temperature

initial

hundred Ma. The
wtgassing continued, resulting in an atmosphere maialy
comprising carbon dioside and steam (Tuble 1.2), a5
probably occurred on Venus and Mars. In the case of
b, the water vapour condensed to surface water and
there s good evidence that oceans existed about 3800
Ma ago and perhaps even earlier.” Once Earch's crust was
ool and surface water was in existence, it was possible
for comets and meteories t leav 2 secondary vencer
2 wide range of

important.physicochemical changes occurred i
Gy Jniey. vl Fikln and. byifoess
tended to be lost from the Earth’s gravitational field

present in only

minimal quantities. The early atmos-
phere is no longer thought to have been a5 strongly
reducing as was formerly believed.!



Mercury.
Venus Carbon dioxide 965% +Traces: argon, helium, neon,
Nirogen 35% Keypton (ll <20 ppmv)
Earth rogen 7808% Water vapour - varizble
2095% Neon 182 pprmv.
053% Helium 52ppmy
Carbon dioxide 0037% Methane 18 ppmv
Mars Carbon dioxide 953% Oxyger 013%
Nitrogen 27% Carbon m 2
Argon % oo
Jupiter Hydrogen aon Methane v
Helium % B e
Satum Hydrogen 945 Methane 4500 ppmy.
Helium 6% ~Traces: ethylene, phosphine
‘ppmy, parts per milion volume.
2 Slogists’ Association)

Water vapour 7075
arbon diovide 1407
Sulphur dioxide 640
Nitrogen 545
Sulphur trioxide 192
Carbon monoside 040
Hydrogen 033
Argon 018
Sulphur 010
Chiorine. 005
(Data are from reference 5, reproduced from Nunn” by,

permission of the Geologists Association)

The inital very high partial pressure of carbon dioxide,
and prbably some methine, would bave provided 3
powerful greenhouse effect o offset the early minimal
weak solar radiation, which was some 30% less than
today (Figure 1.1). However, the sun commenced its
main sequence of thermonuclear fusion of hydrogen to
helium sbout 3000 Ma ago. Since then solar radiation

been increasing steadily as the sun proceeds.
ey tovacie bosamieg 3 e g, which wil

tely envelop the inner planets. It is fortunate that
ncratin solo rdision i bees appeesinaely offet

4

by a diminishing greenhouse effect, due mainly to
decreasing levels of carbon dioxide (see below). As @
result, Earth's temperature has remained relatively
stable, permitting the existence of surface water for the
Tast 4000 M

Significance of mass of Earth and distance from sun

Small bodics, such 25 Mercury and most o the planets’
arelites, have 3 grovitational ield that s to0 weak for
the retention of any sigificant atmosphere (Figure 1.2)
The gas gants (Jupiter, Saturn, Uranus and Neptune)
have  rviaional Reld which s suffcenty srons to
rein s, ncling el and e, threy
ensuring the retention of  reducing atmosphere. The
griational fld of the earh s intermedie resiling
ina differential retcntion of the heavier fascs (oxygen,
crban e . sesgen) whle permiting the
escape of hydrogen and helium, This is essential for the
development of an oxidising atmosphere. Water vapour
(ol wihs oy 15) wod b It from the
stmosphere were it not for the cold trap at the
wropopause.

Surhace cempersture of a planecary body is crucial for
the existence of liquid water, which is essental for [
and therefore the composition of our atmosphere. To a
frst spproximation, temperature s dependent on the
distance of a planet from the sun and 1
solar radiation (see Figure 12).
factor is the greenhouse effe
the planet may possess. Mercury and Venus have surface




it o
the sun, open circes giving =

el s e
tion of the ife of Earth and ts maon, which

helfum. The times can only be very approximate.
{aferreerence 7).

B
Yeursx10°

1000 < Figure 1.2 The planets and some of their brger
Lopter saelies cording to distance fom
Sarc S the sun {abscissa) and mass ordinate),both
o B i Jes being logarithmic an rg e
e Earth Mean surface temperatures are shown.
Potential o fe a5 e know it exsts only within
> e the paralogram surounding the Earth.
28
"
. Tion
e
001
Plro.
230c®
o5 B

temperatures for

sbave th
planets (and their sacelices) which are further away from

boiling point of water. All

the sun than Earth have a surface temperature to0 cold
for liquid water to exist today. However, there is now.
evidence that Mars had liquid surface water i the past,*
though not at present

Earth s the only planet in the solar systern that has 2
mass permitting the retention of an oxidising atmos.
phere and a distance from the sun at which liquid water
can todlay exist on its surface. It is
there could be lfe as we know it anywhere in the solar
system outside the small parallelogram in Figure 1.2,

However, an environment similr to that of the Earth
may well exist on some planets of the vast number of
other sun-like stars in the universe

Sk and sk davspineie

of photosynt

{ i B e

found In 3, type of et own s carbonzceous
s Pecrefars, hcahee ok o compou

il e e g e e B

merl believed,” it is highly Hkely that a wide range of




organic compounds were available on Farth when liquid
oceans were formed.

s loss asy to explain the next stage in the evolution
o e An suenit Tt of all fe b the syathess of
protcins inga ribonucleic acd (RNA) template usally

cranscribed from the genetic code carried on deoxyeibo-
sl o) Thnre woukd appe (0 bave been
classic “chicken and egs’ Useful proteins
could ot be formed \ﬂ:hau( iy "ppmpn.\!t sequences
in RNA or DNA: RNA and n. ould ot be pol
meisd ithout .\ppmpnﬂl s, wehich are nor-

oy proveim. Nevarhles, e did appe,perhags i
B en wi e gontic o o oo A
or even the much simpler peptide nuclei acid (PNA)."
An essentil requirement for lfe s the amll'\bvhly of
biousable formsof cnergy. The formsof sl

ocean ridges ax grest depths, which sl support very

Cabon dioide -

Mison

They

are totally independent of sunlgh and cxpoit the
vecn the emerging

Figur
e eaions i she ot 600 . roen hrzoral nes
how presntsmosgnaricevs.The vl boken ine

hor, redscing and acid water, i Wydrogen
phide, methanc, ammonia, phospborus and 2
metals, and the surrounding sea water.* It i likely that
Uhere have been hydrothermal vents on Farth for s ong
s surface water has coexisted with volcanic sctivity
Chemosstavonts migh thefore b appeed
carly a5 4000 Ma

Fvdrothermal sents provide n extremely consrined
nd haardous coirnmens fo e, wih ncry ol
depending on their continsed existence. A m
st v vt 0 e the i
biliy of energy in the form of solr visible liht. The

rmost ol of Such reacions s he ol ot
Synthesi of glucose, summarised as follon

6O + 6O+ energy = 0, +60:

range of

The biochermical adaptation from thermal detection in
ydrothermal vents o photomntess does not seem to
there is strong evidence for

e ey it s s s g B
Suggested by the geologiclrecord o forest ires* Geological
rian, Ordovician.

changes s notin doub.
{From Nunn afer Graham et . Reproduced by permision of
the Geologists Assocation)

was consumed. by oxidising methare and also soluble
i () e rom bl nd epostcd
. i v b b st The
process b pm o 5 Sppom e nectle sonsen:
trations of oxygen in the stmosphere (10° bar) untl
Zbout 2320 Ma sg0. After the atmosphere attsined
igher but critcal level of cxygen (sbout 1800 Mz ago),
banded iron formations seldom appeared and iron was

then deposited in red (Ferric) beds
After 2320 M11g\) oxygen .m.muhmdmm oceans
E 300 Ma ago
certain eukaryotes to become chloroplasts, which then m.;m TH). 1t then decressed mml\, perhaps con-
conferr its ributin  of the Palaco-

their hosts, which include all plants.

The appearance of oxygen in the atmosphere

Oxygenic photosynthesis releases oxygen, spparenly as
a waste product. Howeves, there was a delay of about

e Ers, about 250M: o s
Have risen towards the present atmospheric leve

Biological consequences of an
oxidising environment

the appearance of oxygen in the atmosphere. Oxygen

It seems likely tha of molecular oxygen
o S et oo elomme 1o



anscrobic organisms. Chapter 26 described the toxiciy
of oxygen and its derived free radicals, against which
primitive. anserobes would probably have had_no
defences. Theee lines of response can be identifed.
Some s gl 12 el microonrct
emain and survve. Others developed
Eotiaci v i S e i v e
radicals (puge 355). The best response vas the develop-
ment of serobic mesabalism, wehich gave enormovs ener-
ctc advantages over organisms slying on anacrobic
o (pige 186). This requred. the symbiotc
st ofpuple bccrs s bcsme e
s the inceenied valabiliy of blogial enery
v sl o he exluon of l foms of Pcd
complex then micro-orga
ebtoayaheds and seroe méuiboics evencill

i animals, with
of solar visible light, which was interrupted only under
exceptional circumstances. Such circumstances ing

‘major metorite stri fonal volcanic activ-
ity both of which can throw vast quantities of persist-
ent dust into the atmosphere and cause extinctions by

blocking phetosynthesis.

kes

and excepti

Changes in carbon dioxide levels

Afcer the major outgassing phase of the newly formed
Earth, the concentration of carbon dioxide in the atmos-

phere probably exceeded 90% at high atmospheric pres-

s ldclined il de o wesberogand sy
thesi, reaching sbout 0.5% 3 the time of the beginning
of the geers fosl rcond (lcousic s, from ST0Ma
decline to near the present

the Carboniferous
fod, ehen the coal-forming forestsnvolsed photosyn-
thesis and carbon burial on & massive scale. A sharp
increase occurred at the end of the Permian period (the
last period of the Palacooic Era) abont 250 Ma 150 and
carbon dioxide ray have contributed to the end-Permian,
mass extinetion. This coincided with the decresse in
axygen concentration mentioned abose (see Figure 1.3).

Carbon dioxide and the ice ages

Carbon dioxide and global temperature reached levels
well above those pertaining today from about 270 Ma
until about 40 Ma ago. Thereafter, carbon dioxide and
tempersture declined, resulting in the formation of
the Antarctic ice sheets (from about 35 Ma ago) and, at
2 later stage, the present phase of periodic ice ages
interspersed with warmer interglacial periods. The
fundamental causes of the periadicity sppear o be
smmoocmical (Mikmorich cy(“a] which cause varia-
tons in the he Earth from the sun. The
oo il s o b s dsgroe o ey of
the Earth's orbit, with a periodicity of about 100 thou-
sand years (ka), and its effect is verv clear in the mean
Slobal temperature record for the last 420 ka derived
from Antarctic ice cores (Figare 1.4

e 14 Genel v o mpateand
carbon dioxide concentratio
ol core o Vosok A,
e s 210000 st
and reproduced i partfrom reference 16, with
e pemistano the Ederof T Optinam
Popultion Tostlournal)

s 0 %0
Kioyess e presen

%




Tty 5800 ¢ remarkably e comlton beveen

exerted positive f
initisted by the changes i cllpticity of our orbic. Carbor
dioxide has ranged between about 180 parts per million,
volume (ppmy) dusing,gacils and 280 ppmv doring
interglacial peiods until the stare of the industrial revo-
lution in AD 1750' (see Figure 1.4)

Cosalinspection of Fiure 14 suggests it the nest

reach s et 1000 pm by he yar AD 2100 ther
han the 450 ppmy that was previously expected. The
Hecressed etimte 1 sl o the latest computed pre-
dictions based on analysis of the many

sions, with allthe current political uncertainty. The oply
certain

sl poriod i v However, &t sppes that the
for
thelst £20 o will ot coninue, 23 we now entor  long

phase when the Earth's orbit will remain almost circu-
lar. The 100 ka cyele will be in virtual sbeyance for about
S0ks, during which there will be a prolonged inter-
aca " However 1 highy unlkely tat meam lobl
temperature will remain constant, owing to the current
unprecedented  atmospheric carbon
dioxide concentration.

incresse i th

Recent changes in carbon dioxide levels

Atmospheric carbon dioxide remained close to 280
ppmy from the start of the current interglacial until the
start of the Industrial Revolution (AD 1750). In the next
200 years it ncreased to 310 ppm (0.15 ppm per year)
(Table 13). Between AD 1992 and 2002 the increase
was from 356.4 to 372.9 ppmy (1.65 ppmy per year).
Overhor oo, thpeaese spemsimtes o e
exponenial fnctio, . constat percentage
increase per oo ot (age 487,
Aot P, However ove » onges ptod . el
that the annual percentage increase is not constant but

i islfincressing a5 = second ‘teamway’ exponentiel
fanction

On this basi, extrapolation of trends from AD 1750
to the present suggests that the concentration should

18k 200 20 0
10k ago 590 20 001
175000 59 20 o

19500 650 310 015
1955 20 760 362 116

L. gigatonne: ka, thousand years; pprmv, parts per
‘millon, volume,

ion of the world's fossil uels. Global warming may have:
disturbing short-term effects on ocean currents, partic-
ularly 3 weakening of the north Atlantic conveyor
(including the Gulf Stream) ™ This could result ina sub-
stantial cooling of north-western Europe.

‘THE GREENHOUSE EFFECT

The balance of heat gain from solar radiation is the
difference between incoming radiation, mainly in the
visible wavelengths, and outgoing radiation, which is
lsgly ifrrd. The bt s artialy tuppe i the
troposphere, water vapour (60%) and carbon
diosde (25%). Atmospheric water vapour concentrtion
increases with rising global temperature and therefore
provides pasitive feedback to global warming. It is esti-

high surface temperature of Venus (450°C), hotter than
Mercury but further from the sun,

Other greenhouse gases

There are no infrared absorption bands for water vapour
and carbon dioxide ber

Stuch  gas could be considered not so much as thicken-
ing the panes in the greenhouse as replacing 2 missing

‘After water and carbon dioxide, the most important
greenhouse gases are ozone (8% of toul effect) and
thane (3% of toal cfec), which is present in the

(2% of total effect) absorb infrared some 10000 times
a5 effectvely e

by permission of the Geologists' Association.)

concentrations arc only of the order of 0.003 ppmv
Hovwever, with their long halflife, they cannot be




Nt ke, iy of g g oo

mskes a small contributio
Wit Earh i an sperasimately ciculr bt for the
pext 50 ka and solar gain remaining
greenhouse gases are now the major factors governing
el g Cobon dide 1 sang il
s the highest levels in the I:s( 40 Ma and water

reasonably constant,

In stark contrast, geological stores (ocean depths,
arganic biomass and limestone) have a carbon content in
excess of 30000000 Gt but with an annual wmover
(volcanoes, weathering etc.) of less than 0.1 Gt per year.
Thus, long-term changes are governed by the geological
stores, while very rapid aumospheric changes can occur
= ot of i e Hormas o the anth-

shov

ot i wih The mean
ot temperotur s predicied. 10 fncrease 10 vichin
0% confidence limits of 15-4.5°C by AD 2100.

il be g of polr e, which s the
e pocentia (3 i sea el

Sea level
has been rising at at gen snce AD 1830,
withourt evidence of sigaificant. increase.’*
there s already retreat of Greenland and Alaskan gla-
ciers and disruption of the western Antarctic ice shects.

‘TURNOVER RATES OF ATMOSPHERIC GASES

Bilogicaland gelogical umover s of carbon doide
are quantitatively totall

currently releasing about 8 Gt each year (Figure 1.5).

Respiatin frarosythess
100 10

Velcanos,etc 005

Detoesstion 72

pogeni

Ao s o abesa NI fo0eies
grester than those for carbon dioxide. IF ovygen
decreased at the same rate as the current increase in
carbon dioide, it would take 40 000 years for sea level
PO: to fll to the level which pertains in Denver today.

OXYGEN, OZONE AND ULTRAVIOLET SCREENING

naddbion ot ity and ptetal o oveefficene
metabolism, oxygen had a prof tion.
by ultraviolet screnig Ovygen sl abrts ford
let radiation o 2 certain extent but ozone (03) is far
o eifiete: 1t & et here from
o gt S g i)
free oxygen atoms. The oxygen atoms then sapidly
combine with oxygen molecules to form ozone thus
0;-20
L
040;=0;

Stores and tumover of arbon
o o o e S e Gt

(aigatonnes)and tumover i Gt per year. The
burning of fosi fuels was 6.4 Gt per year and

Westhering
005

ic crbon dioxide 783 Gt in 2002 AD:
increasing rapiiy. (After reference 2,
e sources are cited, Reproduced b
permission of the Geologiss' Assocition)
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The absolute quantity is very small, being the equivalent

of a layer of pure ozone only a few millimetres thick, A

Life evalved n water, which provided adeaquate screen-
ing from ulraviolet radiation. The first colorisaton o

dry land by plants and animals was in the lite Silurian

fod about 400 Ma years ago and it has been suggested
that this coincided with oxyzen and ozone reachi
centrations at which the degree of ultraviolet shielding
first permitted organisms to leave the shelter of an
aqucons environment,

Ozone s in a state of dynamic equilibrium in the strat-
sphere and its concentration varies markedly from year
o year, in addition to displaying 3 pronounced annusl
cycle. Oone can be removed by the action of many free
radicals,inchuding chlorine and nitric oxide. Highly reac
sive chlorine ra

Sons e CFLCL)For e s propellans s gt
These compounds are highly stable in the troposphere
e ot antr o 100 years. This permics
their diffusion through the troposphere to reach the
stratosphere, where they undergo photodissociation to
relesse chlorine radicals, which then react with azone as
follows:

€140, 5 Cl0+0;
T 1

€140, ¢-ClO+0

Chlorine is recycled and it

has b.m estimated that

“Hole inthe azone laye forms in Octobes of each year,
swhen spring sunlight initstes photochemical reactions.
Nl levels el from 300 Dalbson units in 1960 1o
100 in 1994 and are still alling-

EVOLUTION AND ADAPTATION

‘This chaper has outlined the environmental conditions
and biological Factors under which the atmosphere has
evolved 10 its present composition. In the past, nothing

s been permanent and e can expect 3 continuation
of the interaction between organisms and their environ-

atmosphere in particular. These will affect  wide range
of orgsnisms and result in the extinction of certain
specics
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Chapter

Functional anatomy of the
respiratory tract

KEY POINTS
® In addition to conducting ai to and from the
ungs, the nose, mouth and pharynx have other
important functions, including speech,
swallowing and airway protection.

e rsysinton apihlm g the pse
phaynx, Ialynxand ainways war

gases and pmenm inhaled

Starting at the traches, the ainway divides about
23 times, terminating in an estimated 30 000
pulmonary acini each containing more than
10000 alveoli.

‘The aiveolar wall s ideally designed to provide
Aninphclbiicio s lnnslzv.

while also being structurally stror

resistthe large e e ched e
lung.

“This chapter is not & comprehensive account of respira-
tory anatomy but concentrates on those aspects that are
most relevant o an understanding of function. The res-
piatory muscles are consideed in Chapter 6.

MOUTH, NOSE AND PHARYNX

Breathing s normally possible trough either the nose or
the mouth.the o

 oropharyms. Nasal breathing is the norm and has two
major advantages over mouth breathing: itration of par-
ticulste matter by the vibrissac hairs and humsidification
of inspired gas. Humidsfication by the nose s highly effi-
al septum and turbinates greatly
increase the surface ares of mucosa availabe for evapo-

cient because the nas

oral breathing obligetors, snd many childzen and aduits
breathe only or partly throush their mouths at rest
With increasing levels of exercise in normal adalts the
sespiratary minute volume increases, and at a level of
about 35 Lo the oral airway is brousht into play.
Deflection of gas nto either the nasal or the oral route

considered. in relation to 4 midline sagittal section
(Figure 2.1),

Part (a) shows the normal position for nose breathiag,
with the mouth closed by vcclusion of the lips and the
tongue lying against the hard palace. The soft palate is
clear of the posterior pharyngeal wall

Part (b) shows forced mouth breathing, as for instance

palatopharyngeal sphincter and th
be inflted by the subject only when the nose i pinched
As the tends to force the
Soft palate against the posterior phary n:ea\ wall 0 act as
phincter and

mouth pressure is raied, this

a valve. The combined palscopl
oela oo oF e oot palie B pery song il ak
casily withstand mouth pressures in excess of 10 kP
(100 cmH0).

Part (¢) shows the occlusion of the respiratory tract
during a Valsalva manoeuvre.

During swallowing the nasopharynx is occluded by
contraction of bath tensor and levator palati. The larynx
i elevated 2-3cm by contraction of the infrahyoid
imscis slopharygeus and palitophaynges, coming

the larysx, This extres
tion of the lacyns is capable of withstanding pharyngeal
pressures as high as 80 kPa (600 mmbg) that may be
generated during swallowing.



‘Mouth, nose and pharynx

the pharymx in  normal subject.

NG, nasal cavity; T, tongus; P, sof il
E eplgloes VF, vocal fod: L laryn.
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Hypopharyms

Crosssecion

I
Distance song avway ()

Figure 2.2 Normal acoustc reflectometry pttem of sirvay

crosssectional area during mouth breathing.

Uppe sewsy cosssecional aeas e be esimated
from. conventional hs, magnetic resonance
imaging (MRI) a5 in Figure 2., or seoustic reflcto-
metry. In the litter technique, a single sound pulse of
100 s duracion s generated within the apparatus and
passes along the airway of the subject. Recording of the

from the sirway allows calculation of cross-
ares, which i then presented as a function of the dis-
e srveled song the sirway” (Figure 2.2). Acoustic

reflectometry measurements correlate well with

ot o the st et oo o su ety

ferentiate between ocsophageal and tracheal intubtion.

THE LARYNX

The larynx evolved in the lungfish for the protection of
the airway during such activities as feeding and perfu-
sion of the gills with water. While protection of the
airway remains important, the larynx now has many
other functions, all nvolving varying degrees of laryngeal
occlusion.”

Speech. Phonatin, the laryngeal compone of speech,
tequires a combination of changes in position, tension
and mass of the vocal folds (cords). Rotation of the ary-
enoid cartlages by the posterior cricoarytenoid muscles
opensthe v ol wheres cotrcionof el
noid and oblique arytenoid muscles opposes
i Wich the voca folds amoet closed, the repintey
muscles generate a positive pressure of 5-33
Vil acy oo e By gt vskaing o tht
vocal folds to produce sound waves, The cricothyroid
muscle tilts the cricoid and arytenoid cartiages back-
wards and also moves them posterorly in rlation to the

thyroid cartiage. This produces up to 30% elongation

and therefore tensioning of the vocal folds, an action
Sopsad b the throtstensil miselcs whic s he
arytenoid cartlages forwards toward the thyroid and so
shorten and relax the vocal folds. Tensioning of the cords
results in both transverse and longitudinal resonance of
the voca fold, allawing the formation of complex sound

hoarse voice or complete inability to
phonate.

closure. Tighter occlusion of the larynx, known as
efforsclosure s reuired formlang xpulive et
It is also needed to 0

cl Flds descibed above he srypigotic
el . thei contation the. Dt and trans.
verse arytenoids,act 3 a powerful sphincter capable of
closing the inlt of the larynx: by bringing the aryepidlot-

be_generated in the thorax, ui\u“y ac least 12kPa
(126 i h0) nd ofen more? Sodden rlease of the
S s seet b 5 SO i

linear velocity of air through the faryms s suid t0

o i g

Swallowing. Effort closure is 3 part of the mechanism
involved in the protection of the larynx during swallos-
ing. In sddition, the larynx s lifted towards the hyoid
bone, elevating the epiglottis which becomes squees
berween the base of the tongue and the laryngesl inlet
to deflect the food bolus backwar
Lopenl bl Syl | kg s
e, porticulrly durin expiation, o s spect
of vocs 0 funcion s described n Chapt

‘THE TRACHEOBRONCHIAL TREE

An accurste and complete model of the branching
pattern of the human bronchial tree remains elusive,

thoush sevesal diffeseat models have been described.
The most useful and widely accepted approsch remains
that of Weibel, " who numbered successive gencrations
of air passages from the trachen (generation 0) down
1o the alveolar sacs (gencration 23). This “regular
dichotomy model assumes that each bronchus regularly
divides into two spproximately equal-sized daughter



bronchi, As  roughapprosimation it ma therfore be

chi ez

nship 13 wlikely to practice, where
s et i Aol i bronchi

en wncqual i sise and tifarcaions may

rated

Recent work using computed tomography to recon-
Scruct, in three dimensions, the branching pattern of the
airways has shown that a regular dichotomy system does
occar for at least the first six generations.” Beyond this
point,the same study demonstrated trifurcation of some
bronchi and airscays that terminated at generation 8.

Table 2.1 traces the characteristics of progressive gen-
erations of airways in the respiratory trsct.

Trachea (generation 0)
“The adult wachea has a mean dismeter of 18 cm and
length of 11 cm. Tt is supported by U-shaped cartlages
which are joined posteriorly by smooth muscle bands.
e part of the trachen in the neck is not subjected to
ek, it lanacs bt sy vulnaatie
to pressures arising in the neck due, for example, to
twamours or hacmatoma formation afier surgery. An
el presure ofth order of 4102 (0cmi10) s
suffient o occude the waches Within the chst
trachea can be compressed by raised intrathoracic pres-
e g, S oot ol e St
dismeter increases the linear velocity of gas flow and
therefore the efficiency of removal of secretions

Main, lobar and segmental bronchi
(generations 1-4)

PR e R T O RPN R PP 8 |

Lugrl bronchi during a forced expiration, so limiting
ek expiratory flow rate (see Figure 4.7).

Small bronchi (generations 5-11)

“The small bronchi excend through about seven gene

b for e carest rdogapic changes in pimony
ccdemna, Because these air passoges are not direcs
artached to the lung parenchyma they are not subject
dlet o ey for thi potenc on e

bheir walls and on the tansmunol pressure
srdicns, which i nommaly poscve. from lumen to
normal subjec this pressure
oversed, i v daigs Fed
expiration the  intraluminar pressure i the small
bronchi rapidly sises to more than S0% of the alvelar
pressure, which is more than the extramural (intcstho-
racic) pressure

Bronchioles (generations 12-14)

An important change occurs at about the 11th genera-
tion where the internal diameter is about 1 mm. Carci-
Vi ciieaes o the vl bk i el and coes
to be 2 factor

this level the air passage:
lung parenchyma, the elastic recoil of which holds the
air passages open like the guy ropes of a tent. Therefore
the calibre of the sirways below the 11th generation
s influenced mainly by lung volume, since the forces
holding their lumina open are stronger at higher lung
volumes. The converse of this factor causes sirw
closure at reduced long volume (sec Chapter 4). In suc-

The traches bifurcs with the ight
Secaches b ke sad it o sl aigle wih

- the
bronch butn the formof ey shope u and heical
plates lower down with bronchial muscle betweer

o oy i o (o 5 genernion 4 v sufh-
be individuslly named (Figure 23).

minimal at the third generation (Figure 2.4).
are subjected 1o the full effect of
changes in intrathorscic pressure and will collapse when
theiniratborci presue exceeds th nthuina pres
sure by al Ps (S0.cmH,0). This occurs in the

ese bronchi

Far more rapidly thar the calbre diminishes (see Tible
1) Thereore the ol cosesectonl e s
« terminal bronchioles, i is sbout 100 times
e veaa s leveofthe e bronchi s Fgure 24)
Thus the flow resistance of these smal
(less than 2 mam diameter) s neglgible
omiitons e e tetonte of the bioschnles
can increase to very high values when their strong helcal
muscular bands are contracted by the mechanisms
described in Chapters 4 and 28. Down to the terminal
bronchiole, the air passages deriv their nutrition from
e brenchil celaio nd e ths flnced iy -

artrial blaod gas levels. Beyond this point the
s st passges ey upon the plimonsry irelation
for theie nutriion.
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Figure 2.3 Named branches o the racheobronchial e,
viewed from the fron.(Reproduced by permission of the
Edtors of Thoax)

Respiratory bronchioles (generations 15-18)

Dosen o the smallest bronchioles, the functions of the
sases are solely conduction and humidification
gradual transicion from
condiuction to gas exchange. In the four generations of
respiratory bronchioles there is 3 gradual increase in the
umber of siveoli in their walls. Like the bronchioles,
the respirstory bronchioles are embedded in luog
porenchymz; however, they have a well-defined muscle
layer with bands chat loop over the opening of the alve-
wral alveali
incing generations
of sespiratory  bronchioles (spproximately 0.4
diameter)

re of advas

the smalie ai passages, approaching a square metre i the
siveslar ducts

Alveolar ducts (generations 19-22)
Alvealsr ducts arise from the terminal respiratory bron-
chioles, from which they differ by having no walls other
e of whl aeoh (Ao 20 i)
The alveolar septa comprise a series of rings forming
the wall o the alvela ducts and contining smouth
Abou balfofthe sy ari from docis and

colar s resides in the alvealar ducts
198 the abvear tht i disecly. Tor ther.

Alveolar sacs (generation 23)

“The last generation of the sir passages differs from alve-
alar ducts solely in the fact that they are blind. It i esti-
mated that sbout 17 alveoli arise from each alveolar sac
and account for about halfof the total number of alveoli

Pulmonary acinus (syn. primary lobule, terminal
respiratory u

The pulmonary acinus is usually defined as the zone sup-
plied by 2 first-order respiratory bronchiole and includes
the respiratory bronchioles, alveolar ducts and alveolar
sacs distal to 3 single terminal bronchiole (Figure 2.5)
This represents generstions 15-23 sbove, but in practice
ihe aumber f generations wihin s aglescins
variable, being betw and 12 divisions beyond
T e Pk A b ot (o it
* cach with @ dismeter of about 3.5 mm
and contaimng in excess of 10000 alveali. A single pul-
‘monary acinus is probably the equivalent of the alveolus
when it is considered from 4 functional standpoint, s
gas movement within the acinus is by diffusion rather
than tidal sentilation. Acinar morphometry. therefore

e



Functional anatomy of the respratory tract

Respiratory s

Fiaure 25
alveolrsacs

but may be s many as 12.(b) Thick secion o rabbit lung
(Phorograp kindly

supplied by Professor £ Welbel)

becomes crucial,” in particular the path length between
the sart of the acinus and the mosedistl shealus, which
in humans is between 3 and 12 mm.

RESPIRATORY EPITHELIUM'*

From the s iyt the broneices e repirory
tract i lined vith 3 pseudo-stratified columnar cilisted
epichelum containing many mucus-secrein (sobet)
cels. In the bronchioles the cel height begins to reduce
and tends toward cuboidal epithelal cels before gracs-
ally factening further throughout the pulmonary acinus
and merging with the aiveclar epithelal cells. Goblet
cells are preset at 2 density of about 6000 per mm (in
the traches) and are responsibl, along with submcosal
secretory cells, for producing the thick layer of mucus
ihatncsall b ch sl condtin ivoss. Mucn
the il heopmcin o s, s el by rpid

Fiure 26 Scaingclecon icogrgh of led el
cellsbeating n the fluid ayer beneath the mucus (Mol (Gindly
Seoced  pernision o O P Sy, mperslColege

don, 3nd the

(<150 ms) exocytosss from the ells in

5t f sumall ncuding direct chemical

o learitony vytoltyedandsesbin il
Both

scascs, such as asthma, bronchitis and cystic
flbross (e Chaptes 28).°

s iy  popele el by et
bl oo (g 30yt et 4

i

publishers of Respratory Medicine

semoved by expectoraion on reaching the laryx. Each
cell is sopped by abou 250 cila ehich beat a 3 rate of
12-16 et pr second: Adacens cls somehow cor
dinate theie cilar a ctabls by 2 s nkage
Semeen, cl e b\ he mucs sboe the
bbb ool o i




which is of low viscosity cantsining water and solutes
and in which the cilia are embedded, and a mucus or
‘el lyer above, containing the viscous mucin in the
underside of which the cilia tips intermitently ‘rip’ the
mucous layer.

Other cell types found in the respiratory epithelium
include the following

simply disolving in the mucus until exhaled or removed
by expectoration. Others are nitially metabolised and
then conjugated by the underlying cels (particularly
Clira cells) ¥ Inaled particles are deposic

the airway has o sharp corner (e.5. the pharynx or nose)

Basol cels. cells,
giving rise to the pseudo-seratified appearance, and are
e the il s pend . They are proba-

ar when gas flow becomes wrbulent (e.. lorge bifurco-

). Me fes aby impact on the pharyn-
geal wall, whercas those between 3 and § um tend o be
deposited near lare airway divisions. In both cases the

bl he s new epithe-
it snd bl el

Mast cells, The lungs contain numerous mast cells whick
are locsted below the mucosa of the airways as vell 25
in the alveolsr septa. Some also lie free in the lumen of
the airways and may be recovered by bronchisl lavage.
Theie important role in bronchoconstriction i described
in Chapter 28,

Noncilaed bronchiolr epithlil (Clara) cels These

B cosa
ar removed intact with the mucus, Sedimentation occurs
in the respitery bronchils and
ooy of g low becoms o o for e paicl o

n 50 depositing partiles smallr than
5 it L oy g

alveoli where the

Defence against infection. Respirstory epichelium s
crucal in preventing infection from aisborne pathoges,
The firstline of defence is physical removal of bacterial
and viral parcicles by the mucus. Second, humoral
defences. within the mucus include immunoglobulins

v ybe
i the shevhesof bt Lol ey (paricularly [5A), complement proteins, _protease
o s KD ks (ceamispd), Jnezyme o oderia

id,

whase functions are ugh some ate
e e e ot

APUD cell. These cells occur in bronchial epithelium

and, from morphological considerations, are believed o
bea part f the APUD series, so named because of their
abilty to und

ine and amine-precursor uptake
and decsrhosylation. APUD cells elsewhere arc known
to produce a range of hormones including ACTH,
insulin, calcitonin and gastein.

Functions of respiratory epithelium

Hupidification.™ The respiratory mucosa acts as 3 hest
ind st xchange. Dusing nspirsion, el
cool, dry air causes cvaporation of surfice water and
cooling of the mucoss;then on expiration moisture con
denses on the surface of the mucosa and warming occurs.
ux onc-half of the heat and moisture

cded to conditon (fully worm and saturate) coch
breath i lost o e atmosphere. With quiet nasal breat-
ing, air s conditioned before reaching the trachea, but
a5 ventilation increases. smaller sinways are recrited
il at minoe volumes of over S0 Lnia ' sinways of 1

o dismeter are involved in humidifiation

Chemical bamlr and particle clarnce. The icons
mucus layer provides a physical barrier to chemi

al
i of th cpithellum, with many.ahaled ifionts

i
cellular immunity s in evidence throughout the epithe-
fium, with macrophages, neutrophils and lymphocytes
1TVt ety o Garg e ow el
luns.

T

e Funclons e e oppusie e coe
s Tor b Hibaion te i i £ b
o rtont: wiherias sk & b g Wk Vi
ety i i eentas. Tt it cl e

y the

s
air temperature and humidicy. It scems likely that the
epithelium in sl ainvays secretes fluid into the mucus
and that of large airways later absorbs any excess fluid
before the mucus is removed from the lung.”

THE ALVEOLI

“The mean total number of lveoli has recently been esti-
mated 25 480 mi

million to 790 million,
subject™ and totalfung volume.* The size
i proportional to lung volume but awing to gravity they
see sl b I s sppes et of e s, e
¢ maxina e, when he el adient

disappe o i capacity the mean
oo




Functional anatomy of the respiatory tract

University Pess, Copyright © 1984 by the President and Fellons
of Hanvard College)

The alveolar septa

The septa e under ensiongenratd paly by clsic
=t e by e seion e e A e

fce (page 26). T making

endothelum: Ep, epithelium: 1, intersital space: FBC, red

e s e Toe s
are perforsted by small fenesteations known as the
o Ko Faure 27, which proide coleral venla
tion between alveol, Dircct communications have also
e found besc small ronhiokes and neebouring
sl adacen pulmonay scin an acssonally e
scgmentl communic

e e o the syl b oy e
o and he lveshr el are clocly spposed,

with lmost no intersttial space, such that the total
hickness from gos o oo s abovit 0.3 (Fiures 28
and 2.9). This may be considered the ‘active’s
capillry and gas exchange must be more effcient on chis
. The other sde of the capilary, which may be con
sidered the 'serice” side, is usually more than 1-2 m
thick and contains 3 reco;

de of the

cedema fud snd fbrous tissue (see Chapeer 29)

Thefitrescafold Theeolrseptumcontains anecvrk
of fibres which forms a continuum _between
the periphee) bres and the il siralfbresof the bron

20

supplied by Professor £ Webel)

chioles. The septal fibe is in the form of a network,
thraugh which are thres:
whichare themselves anetwork, Thus the capillries pass
repeatedly from one side of the fbre scaffold t the other
(€ P27 the ey esing o che ik or

the pulmonary capilaries

ype 1V collgen,the laming denss, spproximstely S0 m
hick and made up of many lager of  diamond-shaped
matrix of collagen molecules. On each side of the lamina.
Gensa, the collgen layes is axtached to the avcolar or

protein collctively

‘prateins and the intracellular cytoskeleton™ to help reg-
ulate cell shape and permeability etc. These sspects of



 Alveolarcell ypes.

Figure 25 (a)

Kohnin ()

Physilogy)

the function of the basement membrane are important.
It s been shown that increases in the capilay trans-
mural pressue gradient abore sbovt 3 kPa (30 emH,0)

may canse diseuptian of endothelim and or epithelium,
whereas the basement membrane tends o remainintacs,
sometimes a5 the only remaining seperation betcen
blood and gas

ALVEOLAR CELL TYPES

Capillary endothelial cells. These cells are continuos
with the endothelium of the general circulation and, in
the pulmonary capilloy bed, have 3 thickness of only
0.1 m cxcapt where expanded to contain nuclet [sce
Figure 2.8). Electron microscopy shows the flat parts of
the cytoplasm to be devoid of all organclles except for
small vacuoles (caveolae or plasmalemmal vesicles)
shich may open onto the basement membrane o the

the passage of quite lge molecules and the pulmorary
Iymph contins alburmin a bot half the concentration
i plasmma. Macrophages pass frecly <hroush these junc-
tions under normal conditions and polymorphs can alsa
pass i response to chemtasis (page 413).

Recent work has beaun to_ elucidate the complex
systems responsible for controlling the passage of cells
nd molcles b adsensendthell cells (ouee
03 A series of components outside the cell in the
limensbimt W e ol et st
o cytokines or mechanical forces such as shear stres.

Activation of these proteins causes furcher inflammatory
activity and leads to contraction of the actin-myosin of
the endothelial cel eytoskeleton, producing a physical
change in cell shape and thercfore permeability of the
blood—gas harrier 10 large molecules and cells

Asalarepithlalcels~type.These clls e ch ek
and also exist as a thin sheet approximately 0
e e

of organelles except for small vacuoles. Epithe
eich cover several capillaries and. are joined into 3
<ontimuous sheet by tight junctions with  gap of only

rage 347 Neverthless,ths juncions peri he fee
P of i opinges: Folymionshe iy sl pass in
o o chcomotoc oo, e 5.0 e the
type | call cosered with a film of alveolar lining fluid,
although it has been proposed that the surface is nor-
mally dr?! Type I cells arc end cells and do not divide
in viva. However, they have been cultured in vitro with
type 1 cells on & matsix secreted by the latter.” They
are partcularly sensitive to damage from igh concen-
rations of oxsgen (see Chapter 26)

Alveolar epithelial cells - type . These are the stem cells

awhich type | cells arise.” They do not function as
s exchange membranes and are rounded in shape and
situated at the junction of septa. They have large nuclei




Figure 2.10 lectron micragraph of 3 type 1l aveolar epihelial
cell of doo, Nore the lrge nuclus, the microul an

i the Mammaian Respirotory Sstem oy Ewald . Weibel
Camoridge, Mss: Harvard Univesity ress, Copyright © 1384
the Presdent and Fellows o Harvard College)

‘THE PULMONARY VASCULATURE

ol C caplay L
Pl i el o
o o e e of Pyt v

and micravilli (Figure 2.10). The cytoplasm contains
charsctristc sriated osiophilic orgnlles
stored surfactant (page 26). Type 11 cell

at contain
s are also

o oxygen toxicity, tending
SR e ot e 5 i eanni
tions of oxyeen (see Chapter 26).

Alveolar macrophages. The lung is ichly endonved with
i

alcola Lo fid (Fisre 2.11)
ey con recnter the body but are remarkable for
e sty v e fchon Sl dhe b The
macrophages arc activ in combating nfection and scav-
e ot sah s sl i ol Ty
contain 4 variety of destructive enzymes but are also
bl of generst

Clapter 26). These are highly effective bacter
sgents bt thei presence n lung tisue may rebound o
damage the host. Dead macrophages release the enzyime.
typsin, which may case tissue damage in patients who
ate deficient in the protein ay-sntitrypsi.

Aldouthth plmonay cculton cuie roughly the
same flow as the systemic circulation, the arterial pres-
aure and the v only one-
e Ta e ety s
about half as thick as in systemic arteries of correspon-
ding size. In the larger vessels it consists maily of clastic
tissue but n the smaller vessels i is mainly musculas, the

vascular resistance are normall

sages in connec
scheme for consideration of the branching of the pul-
monary seterial wee.” This may be compared vith
Webels scheme for the airways (see Table 2.1)

Pulmonary arterioles

The wansiion o rterles accrs st an it dsme-
ter of 100 . These vessels differ radically from their
Coonteparis n the st ciclstion, beng vivally
dnmdo[ inipl o Tl ‘media of clastic
ione separsed from the bood by endothelm. Struc-
Corally there is o ses diference between pulmonary
arterioles and venules.

Pulmonary capillaries
iy MG L abruptly from much.

rger the pulmonary metarcerioles. The capil-
lae form & deace nctwork over the walls of one or
more alveoli and the spaces bevween the capillaries are




0013 151

In contrast o the airways (Table 21}, the branching is

some distance away, clase to the septa that separate the
segments of the lung.

Bronchial circulation™

Down to the terminal bronchioles, the ir passages and
the accompanying blood vessels receive their autition
from the bronchial vessels that arise from the systemic
circulation. The bronchial circulation therefore provides

the heat required for warming and humidification o

retuns to the systemic venous system but part mingles
with the pulsmonary venous drainage, thereby consitut-
in  physiological shunt (page 122)

Pulmonary lymphatics
There are no lymphatics visible n the interalveolar septs,
but small_Iymph vessels commence at the junction
et avelar and extraahvedlar spacs, There s 3

therefore grouped the vessels according to orders and
ot generation as n Table 2.1.

similar in size to the capillaies themselves (see Figure
27).1In ing state, about 75% of the capillary bed
& e b oo ercentage 1 ighe i he depiendine
parts of the lungs. Inflation of the alveoli reduces the
cross-sectional area of the capillary bed and increases
resstance to blood flow (see Chapter 7). One capillary
netswork is not confined to one alvelus but passes from
ane slveolus to another and blood traverses a aumber of
alvealar septa before reaching  venule, This clearly has
a bearing on the efficiency of gas exchange. From the
functionsl standpoint it i often more convenient 10 con-
sider the pulmanary microcirculation rather than just the
capillries. The microcirculation is defined
that are devoid of a muscular layer, and it commences
h diameter 75

as the vessels

lymphatic system around the bronchi
iy pllmum'y vesscls, capable of contining up 1o
500! of ymph and the hilum. Down
seneration 11 the lymphatics lc in 2 potential
spice o the 4 puargts and »wl; Separating
them from the lung parcnchyma. This space becomes
S b T ity s
accounts for the characteristic butterfly shadow of the
chest radiogrph. I the il of the s, the ymphaci
drsinage passes through several groups of trac
e e g, b shey et Abtard
S i epetcl sblem plei M o the

mph from the thoracic
itg Lol e b g
phatic duct. However, the pulmonsry lymphatics often
cross the midline and pass independentl into the junc-
cernal jugular and sublavian veins on the
corresponding sides of the bod

i towvards

tion of the int
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Chapter

Elastic forces and lung volumes

KEY POINTS
8 Inward elastic recoil of the lung opposes
outward elastc recoilof the chest wall, and the
balance of these forces determines static lung
volumes.

urface tension within the alveoli contrbiites
significantly to lung recoil and i reduced by the

nce of surfactant, though the mechanism

by which this occurs is poorly understood.
Compliance s defined as the change in lung
volume per unit change in pressure gradient
and may be measured for lung, chest wall or

both.

Clnsla easured
obtained are affected

vznzty = nhysmlagr(ai and pathological factors

A solated lng wil tend to contract uneleventully sl
the contained ar is expelld. In conteast, when the tho-
tacic cage is opened it tends to expand to 3 volume about
1 lte greater than functional residual capacity (FRC).
Thas in 3 relaxed subjcct with an ope aiwoy and no s
fowing, for example at the end of expiration or inspira-
tion, the iniard elastc recol of the ungs i exacdy bal
sncd by the outvrd el of e thorcic e

The m of the lungs are encirely passive and
el o Foces extemal 16 the ange, n the cute oF
spontancous breathing the extermal forces are. the
respiratory muscles, whereas arcificial ventiltion is
asually in response to  pressure gradient that i devel-
aped between the airway and the envirenment. In cach

impedance, or hindrance, has numerous origin, the most
important of which are:

+ elastic resistance of lung tissue and chest wall

o rdamee from sufice foces st the el

+ frictional resistance to gas flow through the airways

+ frictionsl resistance from deformation of thoracic
tissues (viscoelasti tissue resistance)
+ inertia associated with movement of gas and tissue.

The las three may be grouped together as non-clastic
rosistance o respiratory system resistance; they are dis-

flowing within the airways and work performed.
coming this “frictional” resistance is dissipated as heat
and lost

The fis two foms o impedince may be gowed
topether as Ll:‘\u resistance. These are measured wl
wtin the lavg. Work performed

gy for expiration during both spon-
oot ottt e
oncerned with the elastic resistance
afforded by lungs (ncluding the alveoli) and chest wall,
which will be considered scparately and then together.
When the respiratory muscles are totaly relaxed, these
factors govern the resting end-expiratory ung volume or
FRC, and therefore lung volumes will also be considered
in this chaper

ELASTIC RECOIL OF THE LUNGS

Lung complisnce is defined as the change in lung volume
per unit change in transmural pressure geadient (ic.
betuween the alveolus and pleural space). Compliance is
wsually expressed in ltres (or millilitres) per kilopascal
or centimetre of water) normal value of
L5LkPa' (150 mlcmH,0™). Suff lungs have  low.
compliance
Compliance may be described as static or dynamic
method of measurement (page 35).
Static compliance is a hung volume has
been held at a fixed volume for as long as is practicable,
swhereas dynamic compliance is usually measured in the
course of normal rhythmic breathing. Elastance is the
reciprocal of complisnce and is expressed in kilopascals
per litre. Stff lungs have  high clastance.

measured after



The nature of the forces causing recoll of the lung

For many years it was thought that the recoil of the lung
s due il o sacching fth yllow chstn fbres
present in the lung parenchyma. In 1929, von Neergaard
(page ithand

R e R RN

tension much lower than water and which varied in pro-
portion to.

pe
trough containing an alveol
moved to the right, the surface film is concentrated and
dhe

immersed in water had an clastance that was much less
than the normsal value obtained when the lung was filled
with sir. He comectly concluded that much of the
“elastic recoil was due to surface tension acting through-
out the vast air-water interface lining the alveol
unfsce tension =t an sir-water interface produces
forces that tend to seduce the area of the interface. Thus
the gas pressure within 3 bubble is ahways higher than
the surrounding gas pressure because the surface of the
in a state of tension. Alveoli resemble bubbles
in this respect, although the alveolar gas s connected to
the exterior by the air passages. The pressure inside =
bubble is higher than the surrounding pressurc by an
amount depending on the surfce tension of the Lauid
radius of curvature of the bubble according to
4 Laplane i

R

where P i the pressure within the bubble (dyni), T
is the surface tension of the liquid (dyn.cm') and R is
the radius of the bubble (cm). In coherent SI units
{sce Appendix A), the appropriate units would be pres-
sare in pascals (Pa), surface tension in newtons/metre
(Nom) and radivs in metres (m).

On the lefk of Figure 3.3 is shown  typical alveolus
of sadius 0.1 mm. Assuming that the alveolar lining
Auid has 3 normal surface tension of 20mNam”
(= 20 dyn.con™), the pressure within the alveolus will be
0:4KPs (4 cmi.0), which i raher less than the norms
ceansmural pressure ot FRC. If the alveolar inin, fuid
had the same surface teasion as water (72 mN.m”), the
ungs would be very suff

“The alvcolus on the right of Figure 31a has a radius of

Laplace equation indicaes that if

sure should be double the pressure in the left-hand slve-
olus. Thus gas would tend <o flow from smaller alveoli
into larger alveali and that lung would be unstable which,
of course,is not the case. Similarly, the retractive forces
of the alveolar lining fluid would increase at low lung
volumes and decrease at high lung volumes, which is
exactly the reverse of what i observed. These paradoxes
wwere clear to von Neergaard and he concluded that the
surface tension of the alveolar lining fluid must be con-

ties of simple liquids and, furthermore, that
et b el Obrvatons 30 ews e conimed
his shen alvcolar extraces were shown to have  surfoce

in the sraph on the
i of e e, Do expnsion, o s o
ahue which is close to that of

The aouseof e relationshipbetw
i different during expansion and contaction and a loop
is describe

The conseqy
In comrs o a bubbe of sosp soltion, the pressre

en pressi

juences of these changes are very important.

within an alveolus tends to decrease as the radis of cur-
vature is decreased. This i illustrated in Figure 3c,
wehere the right-hand alvealus has a smaller diameter and
a much lower surface tension than the left-hand alveo-
s, Gas tends to flos from the larger to the smaller alve-
olus and stability is maintained.

The alveolar surfactant’

“The low surface teasion of the alveols lining fluid and
its dependence on alveolar radius are duc to the pres-
cnce of  srfac-acive mteal Ko s the
tant. Some 90% of surfactant consiss of lipids, the
semainder being [
hydrate.> Most of the
some 70-80% is dipalmitoyl phosphtidyl cholinc, the
main consttuent responsible for the effect on surface
tension. The fatey acids are hydrophobic and generally
staight, lying_parallel to each other and_ projecting
into the gas phase. The other end of the
o and s widin he ol i i, The
molecules are o the re, being
e i ot
the concenmion ¢ te e

Around 10% o ant obtained from bronchalve-
lar Tvage i provein, mosk of which ar contaminaing
Serum proteins sich as albumin and globulin. Approxi-
mately 2% of surfactant by weight consists of surfactant
proteins (SP), of which there are four types labelled
A-D.5% SP-B and SP-C are small proteins that are vital
to the stabilisation of the surfactanc monolayer (see
below); s congenital ack of SP-B results in severe and
progressive respiratory falure” SP-A and, t
. ST s ivalved In th comel o surucuant
relese and possbly in prventing pulmonary infecion

(sce below).

Synthesis of surfactant. Surfactant is both formed in and
liberated from the alveolar epithelial type 11 cell (page
21). The lamellar bodies (see Figare 2.10) contain stored

molecule is

thus confined

0 a lesser
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surfactant that i released into the alveolus by exocyta-
Jume lung inflation, increased
After relesse.

mono- or multilayered surface flms. This conversion

]
et vt of s

Figure 3.1 Surface tension and ahveols transmursl
pressure o) Pressure reations in two aive
ofthelining fluids. (b) The changes insurfece
tension n reation o the rea of the aveolar fining
1) Pressare rlatons of o aveoi of iferent

hen allowance i made forthe probable
changesinsurfce tension

T

is that during expiration, as the
olus diminishes, the surfactant molecules are packed
more densely and so exert a greater effect on the surface
tension, which then decresses, as shown in Figure 3.1b.
In

1o be eritically dependent on surfactant proteins B and
€ (see below)."* The alveolsr halflife of surlaccant is
15-30 hours, with mast of its e being rec

at present poorly elucidated.” Surfactant phospholipid is
Known t txis i ito in both monolaser and mulilayer
St snd s ol ot some s o el

st o 35

by el e ool PAls

macly inoved in contrlling the surfactant prsent in
e e ith type 11 alveolar cells having SPA
surface ruepmn stimulation of which exerts a negstive
feedback on surfactant secretion and increases reuptake
of surfactant components into the cell

Action of surfactant. To maintain the stability of alveoli
s showen in Figure 3.1, surfactant must alter the surface

s changes during Gk, This

central porion slowing ¢ o span a lipid bilayer When
alseolar sze redisces and the surface film is compressed,
5P molecules may be squeered out of the lipid layer,



Sa changing ts surface properties, while SP-C may serve
1o stabilise bilayers of lipid to act as a reservoir from
wohich the surface film may re-form when alveolar siz

Other effects of surfactant. Pulmonary transudation is
also affected by surface forces. Surface tension causes

o be less
Since d
pressure in most of the lung is greater than the
Dot (gt $38), ok Hctes Sacourage sl

tion, a tendency that s checked by the oncatic pressure
of the plasma proteins. Ths the surfactant, by reducing
surface tension, diminishes one component of the pres-
sure gradient and helps to prevent transudation
Surfactant. may slso play sn important part. in the

lung damage from a vrcy of s uppress
some groups of Iymphocytes, o theoretically protecting
the hungs from autoimmune damage. fn vitro studies
Have hown that SP-A o SP.D can bind o3 wide range
of pulmonary pathogens, including viruses, bacteria,
fungi, Presmocystis carinii and Mycobacterium tubercte-
losis. Both SP-A and SP-D activate alveolar macrophages
or neutrophils, acting via specific surface receprors.
Howerer, the swion of surfactant to i1 vivo pul-
monary defences remains unclear.

e contribut

Alternative models to explain lung recoil
Treating surfactantined alveoli as bubbles that obey

Liphce i has sidd the ondersnding o ong rcol
in beth and dissse for many decades (e 222)
However, some workers are now beginning to challenge
this explanation " and evidence ls mouning tht the
real situation is much more complex. Arguments against
the bubble model include:

* intheory,difeing sfice tnsons nacent el
cannor ccu i the i lsin the el I con
nected by a continuous liquid fayer
g ey i compressed_at 37°C
multiloyered ‘rafts’ of dry surfactant form, though the
inclusion of surfactant protins reduces this physico-
chemical change.
alveoli are not shaped like perfect spheres with o
single entrance point: they are variable polshedrons
with conves bulges in their walls where pulmonary
capillaries bulge into them (see Figure 2.7)

Morphological model. Hills has for many years claimed

surfoctant phospholipids are adsorbed directly onto the
thelial cell surface, so causing patches of the surface
ible', these patches being inter-

wveen the
s of T heorétkaly g cogh v omimab
alveolar stability:

Foam model. Scaspeli has developed nevw techriques for
preparing lung tissuc for microscopy™* By mainining
tissue in 3 more natural state than previous studies
including kecping fung volume close to normal, he has

d 3 ‘new anatomy’ for alveoli. Scarpells find-
ings seem to show that in vivo alveol; have bubble films
acrosstheir entrances, with similaelpid bilaver films also
g scross v ucts andssiton brenchiles
(Figure 3.2). In this model cinus may be consid-
b P il (e
forming a stable ‘foam’. The hubble flms are estimated
1o be less than 7 nm thick and so will offer lite resis-
tance to gas diffusion, the normal mechanism by which
ient occurs in a single pulmonary acinus

s
(page 17).

More research is clearly needed to either confirm
refute each of these models. It would therefore be pre-
mature to consign the well-established bubble model of
alveolar recoil to the history books, but physiologists
should be aware that eracks have begun o appear in
Tong-standing physiological concep.

Figure 3.2 Scarpelis foar model of alveoir structure.*

These are just some of the o challenge
the conventional description of the alveolar component

bath the alveokr openings and the alveolar ducts. Inset detail

of lung recoil
been proposed.

28
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phosgphalipid monalayer and bilayer (ot o scale.
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The transmural pressure gradient and
intrathoracic pressure

¢ trsnsmutal pressure gradient is the difference
beeween ntrathotacic (or “ntrapleural) and.slvolar
pressure, The pressure within an alveolus is always
preatr than the pressure to the sursounding interstital
s encept whn he sl s b e 0 e
Wi increasing lun volume, the
gradicnt steadily increases, as shown
B e 3% i appeaclie preaaatharac i pressh
the pressure gradient from alveolus to pleural cavity pro-
s & mcssure of the overal transmural pressure era-
dient. Otherwise the oesophageal pressure may be used
10 indicate the pleural pressure, but there are conce
tual and tochniesl diffculties. The technical difficultes
are considered at the end of this chapter, and some of
the conceptual diffcultcs are indicated in Figare 3.4
e ol in the upper part of the fung have a lager.
volume than those in the dependent part except at total

ly
speak of an intrapleural pre
ot e et thSughaut e

pleursl “cavity'. One should think rather of the relation-
ship shown in Figure 3.3 a5 applying to various horizon-
1l strata of the lun, each with its own volume and
therefore its own transmural pressure sradient on which.

© escreolotinenss

e 33 Reltonslp bevuen ng ke and
o th shesknd

the losing capacity
there s widesoread airway closure a residusl.
volume. Values i the diagram relae to the upright
position and to decreasing pressure. The opening
pressure o a closed alveolus i not shown,

adent (crh0)

ts own ‘intrapleural” pressure would depend. The
transmural pressure eradient has an important influence
on many aspects of pulmonary function and so its
horizontal strtification confers n regional difference on
many features of pulmonary function, including airway
closure, ventilation/pecfusion ratios and therefore gis
exchange. These matcers are considered in detail in the
sppropriste chapers of s book

A be thought that the subatmos-

tissues. In fact, the total of the parial pressures .,r s
dissoled in bload, and therefore tissues, is always les

o one tmosphte(see b 262, st focs

Keeps the pleursl caviy free of gos

Time dependence of pulmonary elastic behaviour
1fan excised lung is rapidly inflated and then held at the

and is readily observed during

S s anchcal veelon (e 7], It 4
brosdly true to say that the volume change divided by
the initial change in transmusal pressure gradient corre-
oas o the appamic complanc, wheress the volia
change divided by the ultimate change in transmural
pressure gradient (1e. measured after it has become
steady) corresponds o the static complisnce. Static
complisnce will thus be greater than the dynamic




s Uprightposiion

Pleral bubbe
ress

Figure 3. Intrtnoracic pressures:satic
elationships in the resting end-expiratory
postion. Thelung volume corresponds to the.
functiona tesidusl capacty (FRC). The igures
d (b indicat the pressure relative to

the inrapleural pressure.

compliance by an amount determined by the degree of

This rescmbles the hehaviour of perished rubber o
oth of cept

time dependence in of a particular
g The respiratory frequency has been shown to influ-
ence dynamic pulmonary compliance in the normal
subject but frequency dependence is much more pro-
nounced in the presence of pulmonary discase.

. If the lungs are slowly inflated and

curve for static

means that rather more
is required during inflstion and rat
expected recoil pressure s available during deflation.

deformation under sress but, once deformed, are aga
reluctant to assume their original shape. This phenome-
non is pres preater o s erien ol e
e and 1 know, 5 chtic hysterests

Causes of time dependence of pulmonary
elastic behaviour

Therc are many possible explanations of the time depend-
ence of pulmonary elastic behaviour, the relative impor-
tance of which may vary in different circumstances.

Changes in surfactant activity. It as been exphined
bov it the o senson o h ol g ftd




nsmural sresure crdert (e 0)
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Transmurspressure radient
Figure 3.5 Statc ot of lung volume against ransrural
pressure gradient ntrs-oesophageal ressure elaive o
Stmasgharc at 26t ait flow). Note that inspiatory and
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il volume, These. Fora
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votume.

s greater at larger lun volumes and also during inspira-
tion than st the same lung volume during expiration
see Figure 3.1b). This is probably the most important
cause of the observed hysteresis in the intact hung (sec.
Figur

Stress relaxation. If & spring i pulled out o 4 fixed
ncrease in its length, the resultant tension s masianal at
firsc and then d;dmésﬂponenuu"y 102 constant value.
“This i an inherent property of elastic bodies, known as
i e oot issues display stress el

e 42). The crinkled structure of
collsgen in the lung is ikely <o favour stress relaxation,
snd excised strips of human lung show stress relaxation
when stretched.

Redistribution of gas. In  funy consisting of functional
wnits with identical time constants'of inflation, the dis-
tribution of gas should be independent of the rate of

comptasegons egrlsfthe st of o, S st
dynamic compliance ar equal. Ths situstion s probably
e v the nomoa st 10) st st
ypicalof many patients with respiratory disease; The aiveol

1 conveniently be diviced into fast 3nd ‘sion’ roups. The.
iect reationship between complance and resistance resufs
In inspire gas being delvered preferenially o the tf aveali
it rae of flaton i rapid.An endt-nspitatory pause then
pemits relstibution from thefas alveol 0 the siow alveol.

inflation and there should be no redistribution when the
Tungs are held inlated. However, f different parts o the
lungs have different time constants, the distribution of
inspired gas will be dependent on the rate of inflation
and redistribution (pendelluft’) il occur when infla-
tion is held. This problem is discussed in greater detail
e 1 bk 1t Wi i i i it

has a high airway resistance and/or o high compliance
igure 3.6b). These properties give the I

shorter time constant so it is preferentialy flled durin;

a short infltion. This preferential filling of alveols wit

T ]
kG oot o
o oot

low oversl »
i et feliess % i o o W
pecanits ncreased diseribution of s o slow alveoli an



of the different functional units. There should then be &

berween fast and slow alveoli shown in Figure 3.60
applies to diseased lungs, and no such differences exist
in normal lungs. Gas redistribuion is therefore unlkel
<0 be a major factor in healchy subjects, but it can be
important in patients with increased sirway obstruction,
partcalarly in emphysema, asthma and chronic obstruc-
tive pulmonary disease.

Recruitment of alveoli, Below 2 certsin lung volume,
some alveols tend to close and only reapen consid-
erably greater lung volume, in response to 2 much higher

sight to be a plausible_explanation of all ime-
dependent phenomena described above, but there are

two reasons why this is unlikely. First, the pressure
reqired for reopening a closed unit is very high and i
unlikely <o be achieved during normal breathing

andly, there is no histological evidence for collapsed
alveoli in normal ungs at functional residual capacity
In the presence of pathological lung collapse, a sustained
deep inflation. may well cause re-expansion and an
increased compliance, e.& during anaesthes paye 306,
Cyclical opening and closing of alveoli during 3 normal
respiratory cyele is unlikely in e Tungs but does

occur in njured lungs (page 438)

Displacement of pulmonary blood. A sustained infltion
might be expected to displace blood from the lungs and
s 10 increase compliance by reducing the splnting
effect of the pulmonary vasculature.
this factor is not known, but experiments with excised
lung indicate that all the major time-dependent phe-
nomena are present when the pulmonary vasculature i
empty

The importance of

and chercfore compliance,
There are, however,

posture. Lung volume,
changes with posture (page 34).
problems in the measurement of intrapleural pressure in
he supine position, and when this is tzken into account
it seems unlikely that changes of posture have any sis-
nifcant effect on the specific compliance.

Puimarcryblood volime. The pulonsy Hood vl
probsbly make an sppreciable contributic sl
Tt g, Peeniet Wik Sobiann i
associated with reduced compliance.

whatever cau

Age. One would have expected age t influence the elas-
ticity of the lung, as of other tissucs in the bocdy
However, no carrclation has ever been found between
sz and compliance, even after allowing for predicted
changes in lurg volume. This accords with the concept
of lung “clasticiy” being largely determined by surface
forces

Restrction of chest expansion. Elastic strappine of
the chest reduces both lung volume and compliance.
However, when lung volume is returned

cither by removal of the restriction or by a
ful inspiration, the compliance remains reduced. Normal
compliance can be restored by taking 2 single deep
breath 1t

Recent ventilatory history. A period of hyparentilcion
without periodic deep breaths may lead 10 1 reduction
of compliance, particularly in pathological staes. Com-
pliance may usually

aton of dise
um. o nl\\»)\m;. normal lungs (e, doring anaesthesia)

Lung volume. It is important to remember that compli-
related to lung volume. This factor may be
excluded by relating compliance to FRC to yield the
specific compliance (ic. compliance/FRC), which in
huammans is almost canstant for bath sexes and all ages
down t0 neonatal. The relationship between compliance:

expand them. An elephant therefore has larger alveoli
and hence a higher compliance than 3 mouse.

2

Bronchial smooth muscle tone. Animal studies” have
shovn sha o Infsion of methachaline miffclen o

sult in 3 doubling of airway. resistance decre
dyvaic sormplince. by 0%
contibute to oversll c
choconstriction
reduce dynamic but perhaps not static compliance (see
Figure 3.6).

Disease. Important changes in lung_pressure/volume
relationships are found in some lung diseases and these
are described in the relevant chapters in Part 3




ELASTIC RECOIL OF THE THORACIC CAGE

The thoracic cage comprises the ribeage and the dia-

relsxation was ever achieved, For example, it seems that

the diaphragm is not fully relaxed st the end of expirs-
ton in the supine position but maintains 3 resing i

present the abdominal contents pushing the dispheages

cephalad®

Compliance of the thoracic cage is defined as change

i volume per unit change i the pressure gradient

osiphirs ind foe tniagloal spae The

 pulmonary compliance. The

nt is seldom made but the valuie is
heorder of 2 Lk (200 micon

i it g of e
thoracic cage

Anstomsical factors include the ribs and the state of ossi-
pad

the chest may result from scalding in children and this
may embarrass the breatl
In terms of compliance, a relaxed diaphragm simply

subject and the total seatic compliance of the respiratory
system s reduced by 0% in the prone position owing
tothe diminished clasicity of the ribeage and diaphragm
in the prone position.

PRESSURE/VOLUME RELATIONSHIPS OF THE
LUNG PLUS THORACIC CAGE

Compliznce is analogous to clectrical capacitance and in
the respiratory syster the comy and tho-
racic cage are in serics. Therefore the sotal compliance
of the system obeys the same relationship as for capac-
itsncesin seres, in which reciprocals are added to obtain
the reciprocal of the total value, thus:

e
total compliance

jances of lungs

typical static values (LkPa') for the supine parslysed
patient being:

085 15 2
Instead of compliance, we may consider its reciprocal,
elastance. The relationship is then much simpler:
Total elastance =
lung elastance + thoracic cage clastance

Corresponding vales (kPa ') are ther:
1L17=067+05

Relationship between alveolar, intrathoracic and
‘ambient pressures

Atalltimes the alveolar-ambien pressure gradientis the
sum of the alveolar-intrathoracic (o transmural) and
intrathoracic-ambient pressure gradients. This relstion-
ship i independent of whether the patient is breathing
spontancously or being ventilated by intermittent posi-
tive pressure. Actus] values depend on compliances, lung

i The
vales in the illustration are static and relate to condi-
tions when no gas is flowing.

LUNG VOLUMES

Certain lung volumes, particularly the FRC, are deter-
mined by clastic forces. This is thercfore a convenient
point st which to consider the various hung volumes and
their subdivision (Figure 3.8)

Totallung capacity (TLC). This s the volumme of gas in the
hungsat the end of a mavimal inspiration. TLC i achieved
wehen the maximal force generated by the inspirstory
muscles is blanced by the forces opposing expansion. It
i rather surprising that expiratory muscles are also con-
tractiog strongly a the end of a maximal inspiation.

Residualvolume (RY). This is the volume remaining after
e you governe
i e pmted
by expiratory muscles g opposing
reduction of lung volume. However, in older subjects
closure of small sirways may prevent further expiration.

Functional residual capacity. This is the lung volume at
the end of 2 normal cxpiration.

Within the framework of TLC, RV and FRC, other
capacities and volumes shown i Figure

38 are

* Thoracic ol
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Bodysize. FRC is linealy relaced 1o height. Estimates
range™ ™ from an increase in FRC of 32 to 51 ml.cm .
Obesity causes a marked reduction in FRC compared
with lean subjects of the same height.

Sex. For the same hody
about 10% less than males

height, females have an FRC

* increasing by

Age. FRC increases slightly with age,
around 16 m per

Diaphragmatic muscle tone. FRC has in the past been
considered to be simply the volume at which there is a
balance between the elstic forces represented by the
insvard.retraction of the lungs and the outward expan-
sion of the thoracic cage. However, as explained above,
it noww appears that residusl end-expiratory muscle tone
is 2 major factor in the supine position, maintaining
the FRC about 400 ml above the volume in the totally
relaxed subject, which in practice means paralysed
during anacsthesia.

Posture, Figures 3.4 and 3.9 show the reduction in FRC
in the supine position, which may be auributed o the
incressed pressare of the abdominal contents on the
diapheagm. Values of FRC in these figures and Table 3.1
are wpical for a subject of 168171

reported mean differences between supine and
positions range from 500 to 1000 m. Teleologically, cnd-
expiratory diaphragmatic tone can be scen as 3 protec-
tion against the weight o the abdominal contents causing
an unaceeptable reduction of lung volume in the supinc
pasition. Values for FRC in other positions are shown in
Table 3.1

Lung disease. The FRC wil be reduced by increased

elastc recoil of the lungs, chest wall or both. Possible

cuses e frosing sl onised Fbrinous
obes

\rammuva\ pressure gracient bears the same telatonship to

Jume during bath intermittes postive pres:
vemation s sptaneous o e eaharadc
t0-ambient pressure diffrence, howeer, ifers in the two

types of ventilaton due to musle action during spontaneous
respiration. At altimes:
siveolar/ambient pressure difference = alveolar/trathoracic

pleurisy, & sity and scarcing of the
thorax fulkm'mg b ol
the lungs is diminished in emphysema and asthina and
the FRC is usually increased (see Chapter 28). This is
beneficial, since airway resistance decreases as the lung
volume increases.

(cue attention being paid 1o thesign ofthe pressure diference),

Factors affecting the FRC

So many factors affect the FRC that they require 2
special section of this chapter. The actual volume of the
FRC has particular importance because of its relstion-
ship to the closing capacity (see below).

FRCin relation
In Chapter 4 it is exphined how reduction in lung
volume below a certain level results in airway closure
with relative or total underventilation in the dependent

ity (cc) ‘With increasing age, CC rises untl it cquals
FRC at sbout 66 years in the upright position but
only 44 in the supine posicion (Figure 3.10). This is o




Figure 35 DeNunnin
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copecty

spiromerer without further elaboration of
methods. BTPS, body temperature and
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Figure 3.9 Stucies by Or Nunn and s cooriers of the.
incional esidual capacky I varous body posiions,
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o fcr i the e
(page 180)

PRINCIPLES OF OF COMPLIANCE

il by 3 pocuhociogen, S prenes

ced with 2 simy bt
i siet vipdel ehepiiy i
pressure is normally measured 2 oesophogeal pressure
which, in the upright subjct, is different at different
levls. The pressure rises as the balloon descends, the
change being roughly n accord it the speific geavy

240 cm bey,
S hagea pressie e e B ol s
bly only sbout 0.2kPa (2emiEO) above the neigh-
bouring intrathorscic pressure. Alveolar pressure equals
mouth pressure when no gas s flowing: it cannot be
messured directly

Static compliance. In the conscious subject, o known
olume of i s nhaled from FRC and th subec then
pressure gra-

Complisnce is measured a5 the change in lung volume
divided by the corresponding change in the sppropriate
pressure gradient, there being o gas fow wl

o measurements are made. For hung compliance the
priste pressure gradient is alveolar-intrapleural (o
inathoracic) and for the total compliance alveolar—
ambient. Measurement of compliance of the thoracic
cage is seldom undertaken but the appropriate pressure
sradient would then b intrapleural-smbient. This
would be meaningless for measurement of compliance if

plechysmograph, or by intezration of a flow rate obtained
rom a prcumotachogram. Points of zero air flow are best

e o g Lo s vl e <he satic sheor
lar-intrathoracic pressure difference s unaffected by any

muscle actvity

In the paraiysed subject there are no difficlties about

of the oesophageal pressure in the supine position (sce
Figure 3.4), there i usually some uncersainty about the
polmonary compliance. For statc compliance it s there-
forc casir to measure Lung compliznce in the upright




Siting 201 97 379
Supine 210 323 370
Supine (amsup) 236 39 327
Prone 225 325 349
Lateral 248 365 367
Data for 13 heaithy males aged 24-

* Proportion of breathing accounted oy moyerans o e cane

E)
Age eary)

rement of compliance is considersbly easier
Ve vencltors and st Systems
inely measure sitway pressure and tidsl volume.
T endbles 3 pressre/vatume loop to be dspayed
(Figure 3.113), from which the dynamic compliance
of the respirkery ssem may be ciloted on
s continuous breath-by-breath basis. When n0 g
owing during TPV (ot th end of npiation and expi
ation) the sirway pressure equals alveolar pressure. AU
 pressce recorded by the ventila-

ic pressure, allowing derivation of the total
Sorne ventiators il slso messure static complance.
The

Figure:
oo of s Dt om et 35)

position and fotal compliance in the snacsthetised paral-
ysed patient, swho will usually be in the supine position.

Dynamic compliance. These measurements ade
during shythmic breathing, but compliance is calculatedt
from pressure and volume measurements made when
no gss is flowing, usually at_end-inspirstory and end-
expiratory ‘mo-flow points. The usual methed involves
creation of a pressure/solume loap by displaying simul-
cancously 35 X and Y coordinates the required pressure
. In the resultan loop,
asin Figure 3.1, the ‘no-flow’ points are where the trace:
s horizontal and the dynamic compliance is the slope of
theline joining these points.

Automated measurement of compliance
a spontancously breathing awake patient lung com-

plincsmemureses & difficult because of the reqy

et (o place an oesphages balon. Howerer in

e e et receiving intermittent

Sesiiveprses vestlaon (PFV) I teasvs

36

will inflate the lung with the
patient's ususl tidal volume and then pause at end-inspi-
ration for betsween 0.5 and 2 seconds, until the irway
pressure falls to a plateau lascing 300 ms (Figure 3.11b).
from the volume.

]
£

may be easily compared with dynamic compliance.

PRINCIPLES OF MEASUREMENT OF
LUNG VOLUMES

Vitalcapacity, il volume, inspisatory reserve and expi-
sy e canall b sl i sl s
erer (s Figure 38). Total lung capaciy, functional
e capcy and el volume i ot o

esidul volume) that cannot be messured by
Somple sivomeey. Haweve, i ane of thse voumes s
measured (mest commonly the FRC), the others may
casily be derised.

Measurement of FRC

Thvee techniques re alble. The fst eplos -
£en wash-out by breathing 100% oxygen. Total quantity
e hvogin i easure ot e procuct o the

expired volume collected and the concentration of nitro-




Expiation

Tire.

Figure 311 Automated measurement o compliance during

complance. Simultancous m
arway pressure creates a pressure/ o
and endimspiraary ints occur when the trace s

i, A this posns ai e snc ivaola pressure

"
i along with sl

50 provids an ssessment of respiratorysystem resistance by

the fang voume i 5L el i usd o i method
because of its low solubilty in blood. For the technique
O i e o e i ok ol
o helium dissolving in the tissues and blood wil ntro-
duce errors,

“The third mechod wses the body plethysmograph. The
subject is totally contained within a gas-tight box and
sttempts to breathe against an oceluded ainway. Changes
i alveolar pressure are reconded at the mouth and com-
pared with the small changes in lung volume, derived
from pressure changes within
Application of Boyle's law then permits calculation of
Tung volume.

st method s the orly technique for FRC meas-
uremen. that includes gas trapped within the lung distal
0 closed airways,
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Chapter
Respiratory system res
xevpomrs e b

= Gas flow in the sinways is 3 mixture of laminar
and turbulent flow, becoming more laminar in
smaller airways.

=

tance

flow, wich may be sminar, il o 3 mixtare of
onsider laminar and turbulent
flow a5 two separate entities but mised patterns of low
usually oceur in the respiratory tract. With a number of
impertant caveas, simils basic considersions 335y 10

of resstance to gas flow n the ainways and.
resistance to deformation of tissues of both the
lung and chest wall,

smooth muscle controls
aifway diameter under the influence of neural,

.
i
eF
:

"
:
g
3
3
i
8
5
5
H
#

forincreases in either inspiratory or expiratory
resistance.

Elastic resistance, which occurs when no gas is flowing
resuls fram only T of the numerous causes of imped-

ance 1o inflation of the lung (considered in the previous
e
s, which toged

are referred to —clastic

e M s

§

ot e e ksl o Bt 5
PHYSICAL PRINCIPLES OF GAS FLOW.

AND RESISTANCE

Gas flows from a region of high pressure o one of lower

pressure. The rate at which it does s0 s 3 function of
the pressure difference and the resisance 10 gas flov,

difference and fow rate depends on the natwre of the

b tubes, which is considered in
Chapter 7.

Laminar flow
Wihlaminr fow s s slorg st anbrnched
be of concentric cylinders that slde over
ane another, withthe peripheal ylinder satony and
the central clinder moving fasces, she advancing cone
forming a parbola
“The advancing cone front means that some fresh s
will reach the end of a tube while the volume entering

High frequony veutaton (poge 429
ceason, laminar floy is relatvely incFicient for purging
the contents of a tube.

In theory, gas adjacent to the tube wall is stationary, 50
Friction betwween fiuid and the wbe wall is negliible. The
physical characteristics of the sirway or vessel wall
should therefore mot. affect resistance to laminar flow

omplicate matters further, lominar flow
requires 2 critical length of tubing before the character-
ivancing cone pattern can be established. This i
Known as the entrance length and is related to the diam.
eter of the tube and the Reynolds’ number of che fluid
(see below).

stic sch

Quantitative relationships. With laminar flow the gas
flows ace is direcly proportional o the pressure gradi-
ent alomg the tube (Figure 4.7b), the constant thus being
defined 2 resistance to gas flow



Resitance =

i1 Seiatanlog o g e Mt prs

o aecrical resstance (provided that fow s s s i
cspondsoccal e g
repond o ptenil sl os o ence.
sl

Figure 2 Lainrfow. )0 amiar o s s 0

corresponds to O lavi.

AP = flow rate x resistance

where AP = pressure gradient
In o sraight unbranched tube, the Hagen-Poiseuille
eaqustion allows gas flow t0 be quantific
Flow st = AP XX (radivs]
B lengeh = viscosity
By combining these two equations:

8 lengeh x viscosity
ox (radius)”

Resistance

In this equation the fourth power of the radius of the
tube explains the critical importance of narrowing of air

iny close to that of s and will not thercfore improve gas
flow f the flow s laminar (poge 42

dme

coherent. In CGS units,
prreiyeh gl
heuhit of o for sisconty (dymsec.cm. In Sl anits,

practice it is stil customary to express gas ot
emH;0 and flow in L5, Resistance therefore continues

0

the centrlcylinder moving fastest and the outsice heibd
e fron'of gas
velocity across the tube. (b) The inea rlatonship betuveen 625

te sndl pressure gradient. The slope of th fnes indicates
the resistance (1 Po= 001 cmH.0).

0 be expressed usually as cmH:O per lire per second
(emH;OIs)

Turbulent flow

High flow rsces, particulaly through branched or irres-
ular tubes, result n a breakdown of the orderly flow of
eas described above. An rregular movement s superim-
posed on the gencral progression alons the tube (Figure
43a), with 2 square front replscing the cone front of
bulenst o s lmost nvariably present
when high resistance to s flow i & problem.
The square front means that no fresh gas con reach the.
end of s tube until the amount of gas entering the tube
s almost equal ta the volume ofthe tube. Torbulent low
s more effective than laminar flow in purging the con-
tents of a tube and also provides the best conditions for
drawing » representative sample o gas from the periph
eryof a ue, Frictonal forces between the tube wll and
fhid become more important in tusbulent flow:

Quantitative relationships. The relationship betwveen
driving pressure and flow rate differsfrom the reltion-



K i High flow rates. {8) Shasp anges.
SPE =3
(41 Chasges  damter (1) Brenches
I i
H 2

Values for rsitance
(= pressue gradient
fow,

W n W A
Gosflow rate Giresrmin)

laiose flow sven bove would then b extended s
follow

Pressure gradient = ke (flow) + s(flow]’
e contains the factors of the H: cuille equation
and represents the laminar flow component, whereas kx
includes factors in the corresponding equation for tur-
bulent flow Mesd and Agoston? summariscd studies of
normal human subjects in the following equation:
24 (flow) + 0.03 (flow]*

Pressure gradint (Ps)

6) The exponet . Osr sy wide g of
flow rats, the cquation above may be condensed into
e following siglescr expression with lile ot of
precison

Pressure gradient = K (flow)”
I this equation n has a value ranging from 1, with purcly
faminar flow, to 2, with purely turbulent flow, the value
of  being a useful indication of the nature of the flow:
“The constants for the normal human respiratory tract

Pressure gradient (Pa

=024 (fow)>

(©) The graphical method. It is often convenient o
cepresent ‘rsistance” s 2 graph of pressure difference
againstgas flows rate, on either linar or logarithic coor-
dinates. L

Fiqure 43 Turbulent

)
gasfow rate and pressure gracient when flow s
turbulent. Note tht th value for fesistance,calculted as for

laminar i, s quite meaningiess during trbuent fow.

ship described above for laminar low in three important
respects

1. The driving pressure is proportional o the square of
the gas flow rate.

The driving pressure s proportional ta the density of
the gas and i independent of its viscosity
The required driving pressure
proportional to the ifth power of the radius of the
tube (Fanning equation).

“The square Lo relating drving pressure and flos rate is
hown in Figure 4.3b. Resistance, defined as pressure
sradient divided by flow rate, is not constant as in
laminar fow but increases in propartion to the flow rte
Ui such s cnHL0.".s should therefore be used only
hen flow is entirly aminar. The folowing methods of
quantification of ‘resistance” should e wsed wwhen flow
iswully or partially tarbulent
) Too constans. This mthod consdors e
[

the pl staight laminar,
turbulent or mixed, and the slope of the line indicates
the value of n in the equation 3

Reynolds’ number
In the case of long straight unbranched tbes, the nature.

the gas flow may be predicted from the valuc of
Reyolds” number, which s a non-dimensional quantity
derved from the folloving expression:

Lincar velocity of gas ¥ tube diameter x gas density
Gas viscosity

‘The gty of o ol Rl o

5 S 2 oF ety . acadi: Whes Reyaglde

b s han 2000, B & predominanlyfamiar
whereas above a value of 4000, flows is mainly turbulent.
etween these vahues, both types of flow coexist
Reynolds’ mumber also affects the entrance length, that
e distance required for laminar flow to become

established, which is derived from:
Entrance length =
0,035 tube diameser x Reynolds” number

Regnolds’ number not only wil

ane for tarbulent flow. The m,,»e V:me\s!np for

Ths
resistance be less during f e flow, but laminar fow
==



Oxygen 11 ]
70%N,030%0, 089 141
80% Her20% 0, 108 033

031

will hecome essablished more quickly after bifurcations,
corness and obstructions.

pirable gases do not differ greatly but there may be very
large differences in density:

RESPIRATORY SYSTEM RESISTANCE

GG AT D Y
Airway resistance

“This results from frictional resistance in the airwys. In
the healthy subject, the small iy a small

inflaton Pressure

Lung
e

predominanly
ince | Swticslaaceot i
ey spratory e
Figure 44 Tre spring ind dashpot madel of DAngclo et i
Ifltion of the lungs s represented by the bar moving
pviars The springs represent lastance (recprocal of

contsbuton o coal sy resistance hecause their
ageregate crosssectional area increases to very large
ot st shou the gt o o0 e 2.4)
Overall airway resistance is therefore dominated by the
resistance of the larger ainways.

Gas flow slong pulmonary airways s very complex
conmotedto he theoredcal wbes descibed sbove,
ot of & varing mixte of both lmiar and

diamecer (nd herefore Repnal ember) ducrene i
Successve ainvay gencrations, from 3 maximum in the
achen to simo sefo 3t e tart of the pulmoniry
acimus (generation 15). In addition, there are frequent
ons it vt lnhs of syl st
airvay be sge-diameter airvays

entrance length is normally (;re:(enh'!n e lengthof the
individual sirway. As 3 result of these purely physical

Tne spring and
Gashpot in seieson the right confers time dependence, which
s due to viscoslastic tsu resitance.

Tissue resistance

In 1955 Mount identified 2 component of the work of
breathing which he attributed t0 the resistance caused

Figus 44 shows the ‘i and dashpot’ model,
which D'Angelo et al* used to illustrate this component
nfrtspvnwr\'msl;unu Dashpots here represent resist-
ance and springs clastance (reciprocal of compliance).

s has t
practical implications. Firs, the physical et
of the ainway lining will influence frictional resistance
e i wbulent hanwith vt flow, so changes
ucus consistency that occur in many airway
el e  sepdicant eftec (s Chaper 78),
Secod, g mbcrs conaieg helium (low Reynolds'

mber) a cfical in overcoming increas
et n are sivways an of les beneft i small

airways disease such as asthn

serics. With a rapid change in ung volume, the spring is
extended while the piston rises more slowly in the

3 seconds) the spring
retums to-its origingl length and so ceases to exert
any influence on pressure/volume relationships. This



spring therefore s the time.depeident clement
o dlsance, Whie i i il under senion a1 end:
inpirsion, the conkined et of the oo prins
resu sance o which e secproa s e
e complne. T inltion Is held f
seconds and movement of the piston through the right
hand dashpot is completed, che right-hand spring ceases
1o that caused by the spring in the middle. The recipro-
il of this elstance is the static compliance, which is
therefre greater than the dynamic compliance. D'An-
seloeral.* stress that the systern shown in Figure 4.4 5
anly & sumplified scheme to which many further com-
1d be added; nevertheles,the model accords

well vith experimental findings.

The tmedependent choge in complince ey
entd by the spng and dosh could be due
45y Scrs, Rt bation g kel vy

for & few

any tension and the total elastance s reduce

(esitance 473

Figure 43 Aimvay resisance and conductance as  funcion

lighble contribution in normal man, t
being duc to viscoelaseic flow resistanc
snsesthetised healthy subjects tissue resistance is of the
systom resistance® and
eexpiratory pres-

i e

ssue resistance originates from
bochlung and chest vall s with  snfan peo-
chest wall.* The magnitude

ish airway resistance from that

importing 1o distingi
afforded by the tota respiratory systerm. Sepas
urement of tissue resitance s described below

Inertance as a component of respiratory
system resistance

Respired gases, the lungs and the thoracic cage all have
s and chercfore inerta, which must offer

gous 10 electrical inductance. Thi
inertance, is extremely difficult to measure,
flor an impedance that increases
Therefore, although inertance is gener-
ally believed to be negligible st normal respiratory
encies, it may become appreciable during high-
frequency ventilation (see Chapter 32)

FACTORS AFFECTING RESPIRATORY RESISTANCE

In normal ungs respiratory resisance is controlled by
hanges in airway diameter, mainly in small sirways aad
o biles T ol be expected o alte oy the
component of respi iscance, but animal
Sdics sugest that conteaction of bronchisl smooth
muscle also cases changes in tissue resistnce. It is

Spcific conductance [5G, i the gradient o th
e e, stoul sl A el il
capacit L, total lng capacty.

thonght ot sy s distorts the surround-
encly to akter its viscoelastic properties.
s phre may b redhced it by il o
pression {due to a reversal of the normal transtuminal
pressure leading to airway iy ettt
the smooth muscle in the ainvay wall

Volume-related airway collapse
Effect of lung volume on resistance to breathing. When

airway conductance relative to lung
gradicnt of the line showing conductance as a fun
iy e fue P 15 B bk m
account th @ offect of lung volume on ainway
esistance, it is a useful index of bronchomotor tone.

he importan

Gas trapping. i lows lung volemes, flow-relaced airway
collapse (see helow) oceurs more readily because ainvay




calibre and the transmural pressure are less. Expiratory
airway collapse gives rise o a ‘valve' effect and gas
becomes trapped distal to the collapscd airway; leading
%0 an increase in residual volume and FRC. Thus, in
rl icresing o o et iy e sance

e (CPAP) to the spomtancously
e bl of posione ity prienie
(PEEP) to the paralysed ventilated patient (sce Chapter
32). Many patients with obstructive airways discase

tion but the FRC changes markedly with position (see
Figure 3.9).

When the FRC is less than the closing capacity, some
of the pulmonary blood flows will be distributed to alveoli
il s sounp, ol e depeodent o of
he lungs. This will constitute  shunt (page 122) and
st mireae the aveolr_anerl POy gradiene. I the

below their FRC and is particularly

g ol
by exhaling thraugh pursed lips. Alternstively, prema-
he lung volume:

gradient and so reducing airway resistance and prevent-
ing trapping

The closing capacity. I addition to the overal cffect on
airway resistance shown in Figure 4.5, there are impor-
tant regional differences. This is becanse the airways and
alveoli in the dependent parts of the lungs are ahways
sl thn hos o he o fthe g, et ot ol
lung capacity or at zero gravity when all are the same
sze. As the lung volume i reduced m\md; residual
volume, there is a point at which ivays
6l to-clmmxd the i, ol 2L bl she

cursis known as the closing capacity (CC). The aker-
native term, closing volume (CV), cquals the closing
capacity minus the residual solume (RV) (Figure 4.6).
Closmg cpmcy ctcss ik ge s [ ths FRC
iy i) FRC

Closig

jects who have 3 grate closing capscity. Shunting of
the lun

important cause of decreasing arterial PO with increas-

ing age (page 180) and changes of position (page 305).

Reduction in FRC is closely related creased

alveolar—srterial PO, gradient seen during anaesthesia
1.

Flow-related airway collapse

All he irusys can be compresed by evestof che

rely instead on the traction on their walls from elastic
recoil of the lung tissuc in which they are embedded
They can be collapsed by a reversed transmural pressure:
sradient that is considerably less than that which closes

ansmual pressure gradient may be
caused by high levels of air flow during expiration
During all phases of normal breathing, the pressure in
the lumina of the air passages should lways remain well

Figure 4.6 Spirogram to lustrate th reationship

nd closing capaciey. This
young sdultwith closing
Capacity fes than functional rescua capacity (FRC).
Y, residual volume; TLC, total lung capacy.

Closng

Zero ong volome




above the subatmospheric prossure in the thorax, so the.

sionship between lung volume on the abscisa and nstan-

[ e

cxpin-

directly i § @ loop

s
laes aloms the airways and there will therefore be 2

the intrathoracic
e At pint the el pressre i) the
e passages are_ held open only by the elastic
s e iymain i he e embed-
ded o, i it occurs in the larger sirways, by thetr st
{arl iy, Dovwntscam of the equal pressse poin,
the transmural pressure gradicnt s reversed and at some
avercome the forces holding the airvays opern,

by lung volume (see above) and the equal pressure point
moves progessively down. towards the smaller airways
as lung volume s decreased.

Flow-related collapse is best demonsteated on a
flow-volume plot. Figure 47 shows the normal rel

(3)
e S o S PRG s il 32
low rate eithe side of ero. Arrows shanw the direction
of the trace. At the end of o maximal expiration the
blck squre s resdal e Toe e
the lage curve then shows the course of a maximal
msplmuun 10TLC (black crcle). There fllow four expi-
o, ach v e, cgon effor nd
ok anaining 3 diferem. pesk expirstory fove
Wi i, the e th efor, he gt i e
resulans peak flow 1
curves terminate i @ inal common pathway; which is
ndependent of ffort. In this pareof the curves,the low
sate s limited by sirway collapse and. the maximal s
flows rate s governed by the hung volume (absciss).
“The greater the effors, the greater the degree of inway
collapse and the resalant gas flow e remains the

ai flow ate (ordinate) i plotted against lung volume

Aetowiate

asscissal. o)

mall ooz In sddiion, exiration fom tota ung
capaciy at four levels o expiatory effort areshaan.
Withinfmits.peak expiratory flow rate i dependent on
efor,but during the atter part of expiationall curves
converge on an effot ndependent section w
e is imite by airway collpse.(b) The effect of forced
expirations from differnt lung volumes. The pips above.
the ffort independent section probablyrepresent it
expelled from collspsed sirvays.

Tonl Funclional
ung capacty e

Vs apacty




same. Figare 4.7b shows the impartance of  maxima
inspiration before measurement of peak expiratory fow

MUSCULAR CONTROL OF AIRWAY DIAMETER

Small airways are the site of most of the important
causes of obstruction in a range of pathological condi-
tions, described in Chapter 28. Four pathways arc
involved in controlling muscle tone in small bronchi and
bronchioles.

1. Neural pachways

2. Humoral (sia blood) control

3. Direct physical and chemica cffects

4. Local cellular mechanisms.

Thes maycomenints b comsidredas el
i bk iy eactice there s coniderable ineraion
Secwetn ther, pariculry i dimas. Newral conrol
the most important in normal lung, with dircct stimula-
ton and mral contl conting odes some
circumstan mechanisms, particularly mast
el hve il nfltnce under noreal conditions but
are important in airway discise (see Chapter 25).

Neural pathways'™*
Parasympathetic system? This sysiem s of major
impertance in the control of bronchomotor tone, and
when activated can completely obliterate the lumia of
small airways.” Both afferent and efferent fbres travel
10 the lung in the vagus nerve with efferent ganglia
in the wall of small bronchi. Afferents arise
reepors nder the Ggh untons of the bcncil
stheliom and 7 o noious sl acing
below) o

e, hogh there may b an iy cfcton
chalinergic neurotransmission in some specics

Non-adrenergic non-cholinergic (NANC) system.’* The
airways are provided with  third autonomic control
which is neither adrenersic nor cholinereic. This is the
only potential brorchodilstor nervous pathway in man,
thaugh the exact role of the NANC system in humans
remains uncertain, The efferent fbres run in the vagus
nerve and pas th musle o he airay where
they cause prolonged relasation of bronchi. T}
rnsmiter s vsoactive testinal peptide VIR, which
produces sinvay smooth muscle relasation by promot-
g the oo i e (O, How NO brins
about smooth muscle relaxation in the ainway is nor
fully understood s ts effect on vascular smooth eauscle.
Tt scems likely that NO has ies effect without having to
cross the cell membrane by some form of cell surface
interaction tht produces activation of guanylate cyclase
o produce cyclic GMP and muscle relaxation.” Resting
ainway tone does involke bronchodilation by NO, but

e Nomyelinsd Cefibes s found i the iy
close to, bt sep: om, the parasympathetic nerves.
They ar senory s, escing oo diectstmultion by
In addition to their

which are potent bronchoconstrictors in normal lung.'*
Although of significance in airways disease, the contri-

bution of this system to normal airway tone is unknown,

Humoral contro™*
In spite of the minimal significance of sympathetic
innervation, bronchial smooth muscle has plentifl -
Bl s i e B e

nalin complex
T Basal levels

adcenaline and once sgain act via

— messenger systems described below
of adrensline probably do not contibute o bronchial

sl fashion to vagal control of heart rate

Sympatheticsystem. In contrast o the parasympath
st the smpatbetic sy i pooely represeneed
the lung and not yet proven to be of major importance.
in humans. Indeed, it appears unlkely that there is 3y
direct sympathetic innervation of the airway smooth

espiuie Thies s’ o st ocems s ih
e bronchocanstrictors but these are ualikely to be of
clinical significance

Physical and chemical effects

Du lan o respiratoryepitheliam
e parssynpithete ol deserbed sbove
g broyncsaiadon Addvaion of dhe. fran:
choconstrictor path of the NANC system may also play
3 part. Physical factors knowa to produce bronchoeon.




Histar [ ©
e ClTh T : ®
inflammatory  Prostagla T Prostagdin
cells Lzukomzn:s e Gur ooy
Cibres PAF
(ENANG) By B
Endothelldl & Substance P K
epitnelal  Neuroldnin A NK
celis carp P
Endothelin €.

xciatory non-drenergic non-<holinergic.

stictioninclude mechanical scimulation of the upper aie
passages by larsngoscopy and the presence of foreign
bodics in the trachea or bronchi. Inhalation of particu-
It mater,an aerosol of wate ar just cold sir may cause
bronchoconstriction, the later being used 35 3 simple
provocaton test. Many chermical simu result i bron-
Chocomstriction, including lguids with low pH such o5
i acid and gass such as slphur diexide, ammonia,
e and nitrogen dioxide.

Local cellular mechanisms.

Inflammatory cells in the lung include mast cells
and

ssmopils, ol macophuges nd phocscs
nd the role of these celsin lung infection and infla-
s et Chapcere 28, 30 s 31. These

flammatory cels are all stimulsted by 3 mnrr) of
pathogens, but some may also be activated by the dire
physical factors described in the previous parsgrash.
Once sctivated, cytokine production causes amplifica-
pansc and 2 variety of mediators are
fble 4.2

 the deselopment of Po-specifc druss (e
sw\hmamul terbutaline) soon followed. Recent develop-

have involved the introduction of longacting
Bragoriss e, simetercl) * The herpeuic e of
Bagonists s mo stion of
sinvay smooth muscl, a they

comples

e on tflaramatery cllsand thei bl 10
Gowaregulae Brreceptorsare both clmed <o bep

ially harmful in asthmatic patients and this has con-
tributed to the gradual move away from these drugs in
asthna therapy (page 378).

The Boreceptor. The molecular basis of the functional
charscteisics o the Badsenecetor s gow clerly -

cidated 2 It contsins 413 amino acids and has seven
ramsmermbrane hlce (Figue 8. The tgois binding
ste s within this hydrophobic core of te protein, which
sits within the lipid bilayer of the cell membrane. This

s e ot b A ki,
b s vt ey i el e
rsponsive’ and s devlop symptoms of bronchaspaema

'DRUG EFFECTS ON AIRWAY SMOOTH MUSCLE
Bragonists

Nonspecific Badrenoreceptor sgonists (eg. isopre-
naline) ere the first bronchodilator drugs to be widely
used fortreating asthma. However, cardiac effects from
Bereceptor stimalation in the heart were beli
be respansible for an inerease in martality during acute

o

mon popic drusfom ot i he i birer
i b they can repeatedly interact with the
o i (gt much longer

g3
;%

Figure 4.8) is bou
Gsubunit of the Ge-provein. freces
sty dono inde s snfeant Conformational change in
he protein structure but simply stabikise the activated
o, Slvin 1 o s
“Activation of the G-protein by the frreceptor in
tumn activates adenlate cyclse 1o convert adenosine



adenasine.

monophosphate.
(CAMP).* Cyclic AP causes relaxation of the muscle

wriphosphate o cyclic
el by nibion of cliom relesse Fom el
stores and probably also activates protein
phosphorylate some of the regulatory proteins ol

present in humans, with a
total of 13 polymorphisms described ” giving fise o a
lacge number of possible phenotypes. Studies of these
es are at an early stage, but some genetic dif-
ferences have been shown to be associated with worse

Figure 48 Molecular mechanisms of .-

At

inactation of the eceptor and downreguiaion.

Gprtein

activates phospholipase C to stimulate the production
of nositol triphosphate (IP), which then binds to sarco-
plsmic. reticulum casing the release of

alcium from incracellular stores. The elevation of intra-
cellular calciom activates myosin

light chain Kinase,

tion from other mediators (see Tble 42)act by  very

tor desensiistion by By agoists

Phosphodiesterase inhibitors

Afer it production following
ol hdolysed by she sl
Phosphochenerase (PDE),inhibiion ofwhich wil her
fore prolons the smooth muscle relavan effect of
recepuor sislation. Seven sbgroups of PDE have now
been identified, with subgroups PDE3 and PDE4 oc
ing in airvay smooth mscle, but the
currently used in asthima, such as theophylline, are non-
specifc for the different subroups.” This lack of speci-

peutic pomnl\zl T sdditon, recent work has

, bein linked to

Jipase C complexes, which lead to IP; s

Peuee 4.8, cing uncouplingof “the receptor from the
and downregulstion of the  transduction

i
~.\.dw1,.w‘ drugs used in the zinway are classified
o shorc-scting (¢, fpratropium) o long-acting (.5
ooty pet Thar e o aehu g ety
Chronic ahstsucive pulmonay diseas thanasthma (see
Chapter 25), because only in the former discase is

also shown that their effect in airways

"does not srse solly from PDE inbibiion, with
potentially cuusing bronchodilation by a
varity of rtes no involving AMP and by having anti
inflaonmatory effects.

Anticholinergic drugs

The ACh receptor. Stimsiation of M, AC receptors alsa
sctivates a G-proten, characterised as Ga. This in turn

. o contrib
10 symptoms. These drugs have similar binding affinities
for both My and M receptors, giving fise o opposing
effects on the degree of stimulation of airway smooth

of therapeutic effect because of faster dissociation of the
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Figure 49 The laukotriene pathway in he lung, Infammatory
meciators simulate phospholipase , 1o produce arachidonic
i from the phaspholipd of the nuclesr membrane.
Levkolrienes B, and C leavethe celia  spec
tansmembrane tansporter (T protein.Non speciic

hs been activated by stimulation of inflammatory cells
They are therefore most likely to be of benefit in the
prevention of bronchospasn in chronic asthma, but their
place in asthma therapy remains uncertain.

COMPENSATION FOR INCREASED
RESISTANCE TO BREATHING

Inspiratory resistance. The normal response to increased
inspiatory resistance is increased inspiratory muscle
effort with little change in the FRC. Accessory muscles

may be browght o play accoring to th deree of
“There are two principal mechanisms of compensation

for nipeased ipiatery, selsunce. The fist operotes

s is diven by a slight elevation of arterial PCO.

re of up

inton,
e, o whch st o LT recptor oot
{ntense branchoconstiction, (e eference 3

i from M than from My receptors leaving ol the
M receptors antagonised.

Leukotriene antagonists”"

Even in non-asthmatic individuals leukotrienes are
potent bronchoconstrictors, so the therapeutic potential

of leukotriene antagonists has been extensively investi-
at

-orot
have o wide range of activites apars from b
stricton, in particular amplification of the inflammatory.

response by chemo:
s oy bepedicted fom thein acions oot of
the Gl o (e monclks, i) re
ctive in treating acute bt

axis of cosinophils

is pr
<ol kPa (10 emH.0) does rot usully result in activation
of the expiratory muscles in cons

achicves a lung volume (FRC) at which the additional
elastic recoil is sufficient to overcome the expiratory

Tine —
Figure 4,10 Spirogram showing the esponse of an

Eraesheised patent ot sidenimpodion of an exitory
resistance. Note that there s an immediate augmentation of
the force of ontracton of the nspiatory muscles Tnis

b hpahiainis e opratiiing

sufficent to overcome the expiratory resistance.




resistance (Figure 4.10). The mechanism for resetting
the FRC at a higher level probably requices accommo-
dation of the intrafusal ibres of the spindles to allow for

oped impistory con

ercased PRC. Th canseous subject normaly uses his
explraony ruscles (o OYercomE ExpiAtoy pressires in
excess of sbout 1 kPa (10 cmH:0).

must be measured separately and subtracted from the

vallc obtsined in the subject.

Normal salus for total espistory syt resisance
are variable because of the large changes with lung.
olume nd meshodelogical diffrences, Tpicl vlies
obtained in & normal population at FRC are between
0.14 and 0.4, but values below 0.84 kPa.I".s are consid-
ered normal ™

acutely incressed resistance, such that arterial PCo; is
wsully normal, However, the efficiency of these mech-
anisms in maintaining alveolar ventilation carries severe

respiratory resistance s
Intrathoracic pressure will ise during acutely increased
expiratory resistance and so impede venous return and
reduce cardise output (page 435) to the point that
syncope may occur.

PRINCIPLES OF MEASUREMENT OF RESPIRATORY
RESISTANCE AND CLOSING CAPACITY
Respiratory system resistance
Resitane s detemind by the o s
ment of gas flow rate and the driving pressure grodient.
Tt coe f ehe espratory tract, the ificolty centres
the mesmement, of the premne gt beewees
outh and. alveolus. Problems also arise because of
& nomenclature and different methods for meas-
uring different components of respiratory system resist-
ance (Table 43)%% In all cases, apparstus resistance

Chapter 3t
simultancous measurement of tidal volume and intratho-

the components of U
flow resistance, and these may be related to the concur-
et s fow raes.

he intathoracic-to-mouth pressure grs-
dient and respired volume may b displayed 25 X and ¥
coordinates of 2 loop 1 showed how dynamic
complance coud bt dersd ot ol ponts of
such 1 loap, The area of the loop is a function of the
ok perfomed aginst flow rescane,

of an aesophagl balloon ks the meshod
4 lietle invasve, but it docs allow continuous measure-
ment of resistance. By measuring ntrathoracic pressure,
the chest wall component of resistance is excluded, so
providing a measure of pulmonary resistance, which is
Sinways resistance plus the lung component of tissue

the methodology used to measure each form of esistance.




Figure 4.1 The messurement of pulmonary
resstance and dynomic compliance by
Smutaneous messurement of i flow and

ombigtyibe i

e
o
e =,
i
-
# out

resistance and may be used d

manoeuvre and so display resistance as s function of lung
volume and derive specific airway conductance.

The body plethysmograph. During inspiration, alseclr

pressure falls below ambient as a function of airvay

fesstance and the alveolar gas expands in accord with
di

her  ‘paming e

iy bresthe with o smal tidal volume, but is generally
noninsasive and FRC may be measured 3t the same
e

The nterrupter technigue. A single manometer may be

used t0 measure both mouth and lseolar pressuse f the

i pases disal Lo the manomczer e momertarly

inerupied i shtes. The meshod i bed o
ssumption hat, while the i,

e oois

Resstance is then determined from the reltionship

iathoraoe e

resistance, Compiiance is erived as shown in
Puimonary resistance Is erived a5

preumotachogram s a muct
Feicworof s o s ha e
spirogram.

e el he 00

beween flow rate (measured before interruption)

equilbrstion occurs fuly in subjecss with diseased
airways. " The interrupter method
cesistance and excludes tssue resistance.

Endinspiratory interruption. Tris method is now widely
ased for messuring the tissue component of respiatory
ystem resistance. ™ The method may only be used in

occues, Toprevent artefacts during the nspratory pause,
numerous successive breaths may be sveraged. Figure
412 shows the chang ©

sure (P1), oesophages
ssed v 3 b Immeditely beforsoccusion, P

e of B, which i governed by both clastic
o s The 1 e s
occlusion is biphasic. Immediately afte ainway occlu-
sion, the PL falls rapidly to P, and Py, — Py i referred




Flow

I

| /N

Figure 4.12 Endtinspiratory nterruption method of measuring
resstance. Following 3 corstant flow postive pressure biesth,

R0

Pyl

In the sccond phase, » slower decay in pressure occurs
from P, o P., which represents the loss of the time-
dependent clement of tissue complance (due to visco-
elastic behaviour) and  therefore  represerts  tissue
resistance.

Tissue resistance =

Flow rate of inflation
In practice, the pressure signal may be converted into
and computer analysis calculates the three

Where these pressures arerecorded determines
which component of tissue resistance is messured. In
Figure 4.12, transpulmonary pressure (tracheal minus
g cal-

of multple breaths to remve cardiac artefacts showes
2 smoother and biphasic ocsophageal pressure trace (see
Figure 4.12). The nitil pressure drop s believed to rep-
the chest wall.”

Final it of sl o s g
sute dint s calusion of toal espory
resistance:

Respirstory system resistance =

Flow rate of inflation

This techaique is utilised by the current generation of

ventilstors to calculate respiratory system resistance.

respiratory manoeure described in the

exhaltion.
iy o, an therefc moe sy o g e, Tisue

e e i

Bexs S16) oo alloed s it of P and
U g oo ot ok i
froe Figure 4

closing capacity’®

alculted separately. Flow, airway flow ate;
. tonpimarr s P omophages s
inge inlung volume. (Afe reference 7.

o asinterrupterresistance and belicved toreflect sivay
resistance he
cribed.

des

as in the interrupter method already

P
Flow rate o

L}
inflation

Airvay resistance

“This is perhaps the most convenient place to outline the
measurement of closing capacicy: I s the maximal fung

vollume at which airway closure can be detected in the

dependent orts of the uns (page ). The mosmre

men s made during expiration an

diffecent concentrations of a racer .,;,m. e upper and

(Figure 4.13). The tracer gas will then be preferentially

B =



T

|

ot ung capscity

osing
capaciy

Jatan of
e

spiogram [

R e

Concentrancs
e st mout Phase i

Vil capaciy

disrbuted o the upper parts of the lungs. After 3
maximal inspiration to total fung capacity, the patient
Sowly exhales while the concentration of the tracer gas
is measured at the mouth. When lung volume reaches
the closing capacity and airways begin to close in the
dependent parts, the concentration of the tracer gas will
s (phase 1V) sbove the alveolar plateau (phase 1)
Sutsble tracers are "X wred a5

undertaken in the conscious subject wha performs the
ventiatory manocuvres spontaneously, o in the paral-
ssed subject n whom ventilation s artficially controlled.
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Chapter

WY

POINTS

® The respiratory centre in the medula generates
the respiratory rhythm using an oscillating

network of six groups of interconnecting

neurones

Many other diverse areas of the central nervous

system influence respiratory control, these.

Control of breathing

i spdeierscl bty (g 23 e

ical pprosch to understanding respiratory patterns has

& lritant and stretch receptorsin the lungs and
diaphragm are involved in  series of eflex
e s
respiratory act

also ceded by the biochenical approach. Nesw
e, mhods and the possbily-of herapestic
intervention have led 10 an explosion of interest in the
chenical interactions betwseen and within respiratory

E e
pH caused by alterations in carbon dioxide p :
: b the ‘respi
in response to elevated arterial PCO,. The medul s acepted asth ares of b where the
B Peripheral chemoreceptors, principally in the respiratory pattern is generated and w

carotid body, increase ventilation n response to
reduced arteral Po,.

By i pregmaney the ol it develops s
yth.

physical reflexes. I
may (within limits) be completely overridden by volun-
tary contral or interrupted
voluntary non-rhythrmic acts such as sneczing, vomitiag,
Wecwing o conghing. The contol stem & hihly
ith its automatic abiliy o dapt o

i Sy et o

by swallowing and in-

imtary movement, exercise and

ity et o tnfasnoe £ eririance of the
respiratory muscles,

“THE ORIGIN OF THE RESPIRATORY RHYTHM?

Esrly attempts to find the site of respiratory control used
an amatomical approach involving the remoal or stimu-

voluntary and involuntary demands on sespiratory activ-
ity are coordinated. There are many neuronal connec-
tions both into and out of the medulla, as summarised
in Figure 5.1, the functions of which are described
below:

Respiratory ncurones in the medulla are mainly con-
centrated in two anatomical aress, the ventral and dorsal
rospiratory graups, which have numerous interconnec-
tions (Figure 5.2).

The dorsal respizatory group lies in close relation 1
the nucleus tractus solitarus, where viscera afferents
from cranil nerves X and X terminace (see Figure 5.2).
It is predominandly compased of
with upper mator neurones
anterior horncell of the opposie side. The dorsl roup
s primanly concered with timing of the respiratory
eycle

“The veral resiratory group comprises fous nucle

ue. The mucleus paraambiguslis
g paralie to it) is mainly inspiratory and
the force of contraction of the inspiratory muscles of

controls



Figure 5.1 Afferent and effrent connections o and fom the

Buznger
complex

a7

it

e A ambiquus
N, paraambiquats
nspiratory
muscles o
. R —
Exitor
muscis

phayn,
tongue
i

2 Dorsal view of the organisation f the respiratory
neurones inthe medula, The dorsal respratory group (nucieus
ractus soltarius) s shown on both sides. For clary,
respiratory group (Batzinger complex. nuceus ambiguus,

medlary central patern generator. The broken s are
ottt crlyenthe e Aeswith redomnanty opiton

- acivityare shaced. i sing
e e e e ey i

the opposite side. The Botsinger complex (within
the mucleus setrofacialis) has widespread expiratory
functions.

Central pattern generation (CPGI**
1 o longe fficin 0 consde the gemesion o he
tespirtory thythm to be smply oscilling networks of
uniform populations of inspitatory and expiratory neti-

cifiable firing patterns spread throughout the medulla.
These include early inspiratory neuroncs
augmenting neurones (laug), late inspiratory interneu-
rones (putative off-switch’ neurones), early expiratory

inspiratory

decrementing . expiatory augmenting neu-
rones and late expiratory (preinspiratory) neurones.
Typical firing patterns and the resulting muscle group

resultant zespiratory cycle may be divided into three
phases,

Insiatryphas. A sudden one s ollowed by o o

o gty neuone See o et

therefore motor discharge to the inspiratory muscles.
Early expiratory decrementing netroncs 3lso produce

eclining activity in the laryngesl adductor muscles. This
phasc thercfore represents passiveexpiration with o
sradual let-down of nspiratory muscle tone and an iitial
braking of the expiratory gas flos rate (page 77) by the
s

Expiratory phase Il. The inspirstory muscles are now
silent, and if required, expiratory augmenting neurones
will be activated to produce a gradual increase in expi-
ratory muscle sctiviy.

Alterations in the rate at which spontaneous neuronal
activity increases or decreases and the point at which the
next group of neurones are activated allow an infinite
saricy ofespiatory paters. For cxample, during quiet
bresthing n he supine postio, ey ks
educe activicy slowly ory aus-
‘menting neurones will be active unly brcly, esiing i

rones will re

increase in lavg,
e npircory msclon, inchudingshe paryngel itor
tor muscles start to contract

sspiration, possibly by acti-
vation of late expiratory (preinspiratory) neurones

Postinspiratory or expiratory phase 1. This is charac-
terised by declining discharge of the laug neurones and

will arise following exercise or at a minute volume in
excess of about 40 Lmin”, when expiration will be
immediately and almost totally active.

In practice, many such rhythm-generating networks
are represented in parallel, so that it is diffcult to
destroy the respiratary rhythm by isolated electrical or
cold lesions.® The system i thus very robust.
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Cellular mechanisms of central pattern generation.’ Res-

f intrinsic_ membra
ropertics and excitatary and inhibitory feedback mech-

membrane effects occur in all the respiratory neurone
Sroups shown in Figure 5.3

Neurotransmitters involved in CPG and

n practice, neuro-
oy snd exctoy) bave ol

e e ot

g i i |
fashion t rhythm generstion in cardiac

These st summarsed n Figure 4
Central pattern ge requires a combination of
cxcatory and inbary nedrstnamiters. Bty

Soind e (ol Blint) wote el

el s voled.For insance, in 3 nngle Iaug neurone

slow membrane tion occurs, 5o producing

hnani dimaroe These ol s Hecelt” see

Taug cell by excitatory postsynaptic potentials (EPSPs)

1 2 cucends o Img acty doelops lcun,
dent

ferent reccptors N-
eyl (NMDA)  receptors, which  are
fast-acting fon channels, and non-NMDA  receptors,
which are slower reacting receptors involving G-protein
mediated effects. Inhibitory neurotransmitters include
slycine and aminobutyric acid (GABA) acting via spe-

- repolarise the cell, 50 ‘switching off the laug

s 579
e b et 1 e T s
infibit the next wave of inspiratory activiy, Similar

o Iypepie the nemon.and therey i
y. These two inhibitory transmitters act quite.
idependently dutng diffrend phases of C
Neuromodlators are substances that can influence the
PG output, but are not themselves involved in rhythm
generation. There are numerous. nearomodulators of



Figure 5.4 Neurotransmitters and neuromodulators inthe
fespiratory centre. Boxes indicate funcional neuronal Goups

conditions. (Aftr references 2.and &)

respiration, many of which have several subtypes of
receptor. Their exact role in normal human respiration
semains unclear, but they are of undoubted relevance
i both normal and abnormal breathing, For example,

. hisdiverse collction of newromodsltorsprlsbly
mteacellular signalling
by wthin COG nearsne, vlingprotin imses
glscine and. lutomste-hnked potassium 3nd chloride
hanncls."

Efferent pathways from the respiratory centre

Respiratory motor neurones in the brainstem are pooled.
g o inspirazory and

involuntary non-thythmic respiratory control (swallow-
ing, cough, hiccup etc.). Each group of upper motor
neurones occupies 2 specific anatomical location within
the spinal cord. Neuronal control of the respiratory
muscles is described in Chapter 6.

CENTRAL NERVOUS SYSTEM CONNECTIONS
‘TO THE RESPIRATORY CENTRE
The pons’

There is no doubt of the existence of pontine neurones
firing in synchrony with different pnm of respiration,

in depressing respiratory activity in humans (page 70),
inictin the presence of op tors in the respi-
Fato iministration of the opioid antago-
T walion: bk ad o0 &
‘normal subjects. Other neuromodulator

choline, which acts via both muscarinic and
receptors to mediate the effect of central chemorecep-
tors on respiration. Serotonin (5-hydroxytryptamine,
SHT) bas many conficing effcts on e e
result of the mumerous receptor present.
Glutamate acts s 3 r\:ummudulamr o both NMDA
and non-NMDA receptors to mediate the pontine influ-
PG, and 5 il . e mvnce of

oid recepy

an excitatory inflaence resulting in an increase in tidal
volume in response to peripheral chemorcceptor activ-

now referred to as sroup (PRG).
Pvevmus]y known o the preamotaxic centre, three

of neurones were identified (inspiratory, expira-
Yoy sl phace spanning) bat were. blieved 10, be
Tnivel o comalins e thaing of the Aplctory
cycle. The PRG is no longer considered to be essential
for the generation of the respiatory rhythm, but docs
nesertheless influence the medullary respiratory neu-
fones via a multisynaptic pathway contributing to fine

nated. There are
PRG, including comnections 1o the hypotalamus, the
cortex and the nucleus tractus solitaris. These connee-
tions suggest tha the pors coordinates the respirtory
effects of numerous CNS activities, including, cortical
i, el sy o (o, e
sture) and visceral/cardiovascul




Cerebral cortex'®

Breathing can be interrupted voluntari

ftory function. There is .
that the newrones invalved in this cortical ‘override’ of
respiration may completely bypass the respiratory centre
and act directly

on the respiratory muscle lower motor

excome the usual chemnical

following voluntary hyperventlation, when the FCO: is
below the apnoeic threshold (page 63), since spnoca may
be consistently produced by only modeate Rypocapnia
in anaeschetised patients.

There are usually minor changes
pctern when subjecs focus thei aitention
breathing, a5 when

in the respiratory.
on their
breath-

is also produced by overdosage with opistes.

Ondine's curse i alo used to descibe the rare condi-
tion of congenital central hypoventilation syndrorme,
in which babies are born with a permanent defect in

tomatic_respicatory control, leading to apnoea sl
ypovcntlation dorn seep. 5 In adfton, thes chil
dren hase abnor ercise™
nd, in kecping with the G
abormalitesof cardisc control In spite of such severe
abrormalities, non-invasive methods of nocturmal veni-
ltion and dopbrsgratc pacng b, 1o 10 almost

rmal s in many of these children.'”

PERIPHERAL INPUT TO THE RESPIRATORY
CENTRE AND NON-CHEMICAL REFLEXES

ing masks are used.””
In »ddmun to volitional changes in the pattern of
breatl fle

Refl from the upper respiratory

Nose. Water and stimulants such s ammonia or ciga-

,
erfrences ith respiration, such 3 secaing, sval.
lowing and coughing, Reflex contrl of respiraton during
* During prolonged con-

dition, for specch to be easily
understood, pases 1o allow i

ssessments of the forthcaming specch to select appro-
priste-szed breaths to provent cumbersome inte
tions. This is caser to achieve during resding sloud,
when 8% of breaths ar taken 5t appropriate bound:
aries i the text,” compared with a fre of ony 63%
during spotancous specch !t

Ondine’s curse (primary alveolar
hypoventilation syndrome)

In 1962 Severinghaus and Mitchell® described three

description in German legend. The water nymph

. having been jited by ber mortal hushand, took
from him sll_ sutomatic_functions, requiring hvm t©
remember to breathe. When he fially fell asleep, he
{5 The condion s s s it privary aheov

Ondir

(page 285). rritants can initiste sneesing which, unlike
coughing, cannor be undertaken voluntarily, There sre
also cold receptors that initiate bronchoconstriction in
sensitive subjects.

Pharynx. Mechanoreceptors that respond 1o

pressure

anaesthesis of the pharyox impsi
may cause bronchodilation, hypertension, tachycardia
and secretion of mucus i the lower airway.

Laryn. The larynx has a dense sensary innersation with

eea os
reves s om the suprglotic nea sectom ofthe
s almes a

latter nerve sbolis I reflex activy. There are
three graups of receptors. Mechanoreceptors respond to
changes in transmural pressure or laryngeal motion and
result in increased pharyngesl dilator muscle activity,
particularly during airway obstruction. Cold receptors
are found superfcially on the vocal folds and activation
enerally resultsin depression of venilation. The impor-
tance of this reflex in adult humans is uncertain, but
these receptars may produce bronchoconstriction in sus-
ceptible individusls (see Chapter 27). Irritant recepors
espond to many substances, such as distilled water,




cigareste smoke and inhaled anaesthetics and, in.a similar
fashion to direct. mechanical stimulation of the liryny,
cause cough, laryngeal closure and bronchoconstricion.
The cough reflex may be clicited by chemical or mechan-
fcal sl oo, i the ey, tachen caried o i
bronchi, Which of these sites s responsible for the in
tation of a cough is difficult to determine. For chemical
stimuli the faryax may

Hated by citric acid inhalation,™ and in patients follow-

ing. heart-lung transplant inhalation of the normally

poten stimulant distilled water results in little or no

cough.® Coughing can be undertaken voluntarily, but the
three main sta

reflex is complex and comprises
1. An inspiration, which takes into the hungs & volume
of air suficint for the expiratory activity

Balldp of pressure i the lngs by contaction of
expiratory muscles against 4 cosed glotes
ForeeTleapieton through tmeoneed ey sl
in n hih lincr vty of 3 o which sweeps
irmtant material up towards the pharys

Transient changes of pressure up t0 40 kPa (300 mimkg)
orax, arterial blood and the cere-
brospinal fluid (CSF) during the act of coughine,

Reflexes arising i the lung

Fulmanay sttch_ recepto their_associated
i T ate e i o At s of
teceptor n the s eniive o inatin, deftion, and

mechanical and chenical stimultion, affcents from
b

named ‘slowly adapring’ owing 10 their abilty to main-
ain ther fring rate when fung inflation is maintained,
thus actng 2  form of ung volume seasor. Conversel;
rapily adapting stretch receptors (RARS) ae located in
the superficial mucosal layer™ and are stimulated by

<ponding member of the Vienna Academy of Science,
published Breuer's work under his own name, in sccor-
dance with the custom of the time. Brever's role was
clearly stated in Herings paper bt he v

o, Lte the same yean, Breer published 3 much
fuller account of his work under his own name.

The inflation eflex consists of inlibition of inspication in
response to an incressed pulmanary transmural pressure:
gradicnt (as in sustained inflaton of the lung). An exactly
similar effect may be obained by obstructing expiration
50 that an inspiration is recained in the lungs
Thesiificnce oftheHering-Bres ol nburans
is controversial ™ Ther be an imporcant
et iference betwecn moarsory aaial, I which
thd e it g et e, ko
lex s very weak ™ This in studies
x}mwmg o effcs of bilteral vagal block on breathing
patterns in volunteers, ™ and it i also clear that patints
have essentially normal ventilatory patterns after bilat-
eral lung transplant, when both lungs must be totally
denervated (see Chapter 33). Although the Hering-
appears to have minimal
man, its existence has been
e e widly aceepted as
ing present in neonates and infants.

The deflation reflex consists of an augmentation of inspi-

e hypothesis that lung deflaton has a reflex excitatory
effect on breathing, but that the threshold is higher in
man than for other mammalian specics

Head's paradoxical reflex. Head, working in Professor
Hering’ ]aboramr), deseribed a reversa of the inflation

sthors have reported that, with normal
prsspllentingsnlag iy ol gt ey
species may cause  transient inspiratory effort before
the onset of apnoen e ta the inflation reflex.™ A similar
response may also be cliited in newborn infants, > but
it has ot been established whether this ‘gasp reflex’ is
analogous <o Head's paradasical reflex. All anaesthetsts
are aware that, after the administration of respiratory
depressants, transient inereases in airway pressure often
cause an immediate decp gasping type of inspiration.
There s » possble reltonshipbewren the e and
the mechanism of sighing, which may be considered a
norma feature of breathing.

Other pulmonary afferents.
Ciibreendings lic in close relationship ta the capillarics;
one group is in relation to the bronchial circulation and
the other to the pulmonary microcirculation. The latter



corsespond o Pital capulmonary cipilry ecep-
o eepors, forshr

These receptors are selatively sfent duriog normal
bresthing but aee stimulated undier various pathological
conditions. They are similar to RARs described above,
being nociceptive and activated by tissue damage,
mulation of intersttial fluid and release of various

I
have never been identified histologically, althoush non-
myelinated nerve fbres sre seen in the alveolar walls

Reflexes arising from outside the airway and lungs

venic nerve afferents.* Approximately one-third of
neurones in the phrenic nerve are afferent, with the
‘mijority arising from muscle spindles and tendon organs
forming the spinal rellex arc described on page 52,
jowever, some afferent neurones continue through the
ipslaeral spinal cord to the brainstem and somato
cortex. Experimental stimulation of phrenic affer-
ent fibres generally results in a reduction of respiratory
efferent activity known as phrenic-to-phrenic inhibition,
but stimulation of some smaller afferent fires has the
opposite effect. Thus the physiological role of phrenic
erents remains obscure, but it & unlikely that they
have any influence on normal breathing, The sensory
information provided by phrenic afferents is believed t

important in the ‘breaking point” following  breath hold
(page 69)

Baroreceptor reflexes. ‘The mast important eroups of
arterial barorcccpors are n the carotid sinus and around
the aortic arch, These receptors are primarily concerned
with regulation of the cisculation, but  la

in arteril pressure produces hyperventilation, whereas
in animals 2 substantial rise i arterial pressure
sespiracory depression and, ultimately, apoes

from the musculoskeletal system. A variety of
mecharclsimul spled tothe atrochenis mucls
of the dog can produce a reflex increase in ventilation. ™
events from the smuscloskeletal system probably do
ot contribute 1o normal resting ventilation but have an
important rolc in the hyperventilation of exercise (sec
Chapter 15).

THE INFLUENCE OF CARGON DIOXIDE ON
RESPIRATORY CONTROL*

i years it was believed that the respiratory
centre tself was sensitve o cark e

known that the central chemoreceptors
sl sepute from U tepbstort s of
the medulls although located only 2 short distance
avway jromd =i g respiratory response to
inhaled carbon dioxide originates in these medullary
chemoreceptors.

dioxide.

Localisation of the central chemoreceptors
Anstomical studies in animals indicate that central
chemamailie srom relocged on e e steralateral
surfaces of the modulls, close to the origins of the
iemopiryrasa i e e M e
mmunochemistry has been used in snimals to identify
edullary nesrones tht responded o stimulstion by
oo dicaina  Evidence of simultion was fourd b

the m

during C

3 though the contribution of these areas
ta respiratory control is unclear

Mechanism of action

An clevation of arterial PCO; causes an approximately
e of CSF, cerchral tissue and jugular venous

13KPs (10 mmHy) more
sl PO, Over the short term and without

fll in CSF pH. The blood-besin barrier (operative
betwrcen blood and CSF) is permesble to carbon dioxide
b ot hydogen o, and 1 i rspect resemblesshe
membrane of 3 PCO-sensitive electrode (page 161).
In both cases, carbon dioxide crosses the barrier and
hydrates to carbonic acid, which then fonises t0 give
pH inversely proportional to the log of the PCOx A

Jgen fon sensor is thiss made 1o respond o PCO,
This accords with the old observation that the ventila-
tory response to respiratory acidosis i greater than 10 4
‘metabolic acidosis with the same change in blood pil.
Ventilaton i, in fict, 3 single function of CSF pH in
both conditions."

e precise mechanism by which 2 change in pH.
causes stimulation of chemoreceptor neurones is ot




frmly established, but it could clearly influence the
action of an enzyme. D H inkibits the metab-
olism of acetylcholine by cholinesterase and it has been
absersed that atropine blocks the CO; sensitvity of the
central chemoreseptors, an effect mediaed by M; mus-

carinic receptors."
satory bicarbonate shiftin the CSF. f the PCO. of

ipen:
CSFis maintained 1t an abnormal level, the CSF pH grad-
vally et toward nosnl aver the couse of many

ventilztion often continue to hyperventilate after
SRSk o et g,
Compensatory changes in CSF bicarbonate and the

0.011 units from the normal v
meon areril pH vabucs raging from 7,334 t 71523,

of changes in the CSF bi
o i st s et e et

with, the partia restoration of blood. pH in patieats with

it i CAF could threlore sesult smply from pasive
on disteibution, although the possbilty of active ion
transfer cannot be completely excluded.

it in COP biwbomte oceus it srclanied
periods of hypocapnic artficial ventiation and con-

by pathological factors, the pH is changed and ventila-
tory disturbances follows For example, after intracranial
haemorchage patients may spontancously hyperventi-
late,” and n these patients the CSF pH and bicarbonate
have been shovn to be belows the normal values. It was
s tht thiswas dosnthe mesbolc el
e of ook conmlnte and the
e e Aty i M
o 5 et o bt i e

urs in response to hyposia atalitude (pege 257). As
wonld be expected from  passive fon transfer system, the
specd at which bicarbonate shift compensates the CSF
SH depends on the magitude of the change in PCO,
After commencing pussive.byperventilation the CSF
bicarbanate would i theory be significantly redhuced after

offers ane reason why patients receiving artificial hyper-

sty o

‘The Pro,/ventilation
Fallowing = rise in arterial PCO, respiratory depth and
rate increase until a steady state of hyperventlation is
achieved after a fow mimutes. The response is linear over
the range that is usually studied and may therefore be
defined in terms of two parameters: slope and intercept
(see Appendix F):
Ventilation = S(Pco: - B)

where § is the slope (Lmin” kP! or Limin!mmHg ')
and B the ntercep at zero ventition (kPa
The blue i in Figure 5.3 is 3 typial normal curve sith

Figure 55 Two fans of o, ventlation
espanse curves atcfferent values of P The.

sate (2610 base excess). The lef-hand fan
represents metablic acidosi The broken line
fepresents the Pco, produced by
ventiation forzer0 inspired PCo, a1 basal

The interection o the braken
curve and any esponse curve indictes the
resting Pco, and ventition for the relevant
metabolicacd-base sate and PO, The blue
curve s the normal espanse. Se text for detlls

el o, 69)




sncrcps () fdout 403 (6 ) nd s dope
ol b 15 i ). 1
e e e i
ition response curve, nchuding 4 cieadin varstion
b il o the resed

ich
el ks o sy o <o e o
canroion inthe inapced g

When subjects hyperventilate voluntarily and redisce
hei et bl the ehresheld for CO; simultion of
respiration a variety of responses are seen, varying fr
sy to sl eplration o e hypersentilation.

=55 s i e st 0 the normal
<ponse curve (in blue) below the threshold for CO,
imuiaion (dashedline). The st i an extapolaion of
the curve to intersect the x axis (sero ventlation) at
Pco, known as the apnoeic threshold (dotted lines in
Fi 1f PCo; is depressed below this point
sproca may result, and this s seen in some subjects. The.
=i et Stion Gt oo the blue line) is hor-
and o the lef, like o hockey stick, representing
ot o 3 sojoc ol eoriugs Wb
regardless of the fact that his PCO has been reduced.
The resting arterial poiat at resting ventiltion is nor-
mally spproximately 0.3 kPa to the left of the extrapo-
lsted response curve,” supporting the idea of a hockey
sick-shaped response curve. When breathing below this
threshold for the onset of co; i
(the igleof e hockey o
influence. This variable vmnhx«v) response 10 low
P the cortical control of
respiration maintaining breathing despite a lack of chem.
ical drve.
As Peo;

imost certainly arises from

rased, & poine of maximal ventlatory stim-
ulation s reached, prabably wwithin the range 13.3-26.7
KPa (100-200 mmHg), bevond which respiratory fatigue
and €O, narcosis intervene (see Chapter
tiltory stimulation is reduced untl, at very high PCo
the ventilation s acrually depressed below the control
vale and finally apnoea sesults, at least in animals and
almost certainly in humans as el

The PCO-/ventilation response carve is the response

the centeal chemoreceprars, the overall response may
be blunted by partisl neuromuscular blockade or by
obstructive or restrctive lung discase. These factars
must be taken into account in drawing conclusions from
s redisced response, and diffuse sirvay obstruction is a

most important consideration, Neverdheless, the slope
of the PCO,/venlation response
the most valuable parameters in the assessment of the
respansiveness of the Sy e carbon
dioxide and its depression by i

Time course of Peo,fventilation response.* As described
above, the initis] ventilatory response to elevated PCO:
is extremely rapid, occurring within jus

st which time abo

few minutes,

ventilation continues t
before reaching @ plateau, which is sustained for at least
8 hours in healdhy subjects.

“THE INFLUENCE OF OXYGEN ON
RESPIRATORY CONTROL

As for corbon dioxide, it was ineially thought thac
hypoxia stimalated respirition by a direct effect on the
reiratory cnre,However, sround 199 he sl
cal studis of de Castro ”le suggest a chemore-
i e ey
tole of the peripheral chemorcceptors was established by
Heymans, who eceived a Nobel prizefor his work.

Peripheral chemoreceptors
The pedpheral chemarsepons are tcspondig
meiors of the ameral Hood, espontng 0 3 fall in
Pa, mﬂ, o concmstion o & B
o i i ncrease in ventilation is
T oo e bilaterally paired carotid

carotid bodies undergo hypertrophy and_ hyperplasia
under conditions of chronic hypoxia and are usually lost
i the operation of carotid endarterectomy (see below).

Histology. The carotid badies contain lorse sinusoids

response, which is within the range 1-3 seconds”
‘At the cellular level, the main feature is the glomus or

endings derived from

petvosal ganglion of the glossopharyngeal nerve (Figure
). These cndings are mainly postsynaptic to m

glomus cell. Type | cells are partly encircled byt

or sheath cells, whose function is sl obscure."

o
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Parasympathcic
qungion cll

Sympartetic

ent nerves, which are known to modulate receptor affer-
. dichugs ikl prgeelinicsyngarhate s

from the superi amounting ta 5% of

Figure 5.6 Schematic reprasentation o the
hisology of the carotd bodies. Glomus type | cell
are grouped around a blood vessel i the carotid
nerv cellsarealso shown. Thi
grouping would be surrounded by asheath cell
ot noven which i sometimes termed a glomaid,

S

postaangion

10 about half the normal value). Thus there is litdle
stmulation in ansemia, carboxyhaemoglobinaemia or

thesieve endings o the gomns ol

Dichuree et e afferent nerves from the carotid

increases in response 1o the following forms of
Stmlaton

Decrease of arterial Po, Stimulation is by decreased PO,
and ot by reduced oxygen content (ot least.down

uantitative aspects of the
hypoxic ventilatory response are deseribed in detail
below:

Derease of artro . Ao of eifising bood
causes stimalation, the magnitude of which is the same
whether it eomatory o mestbalic s,
Quantitatively, the change produced by elevated Peo,




on the peripheral chemoreceptors s only about one-sixth
of that caused by th i the central chemosensi-
tive areas (see below). This response does, however,
s very rpidly o nly develops ehen 3 thrhe
oldvalse of arterial PO is exceeded

erfusion ofperipheral chemoreceptors causcs st~
tion, possibly by causing a ‘stagnant hypoxia” of the
chemareceptor cels. Hypoperfusion may result from
severe systemic hypotension.

Blood temperature elevation cuses sumulation of
breathing via the peripheral chemoreceptors. In addi-
tion, the ventiltory responses o hoth hypoxia and
CO; are enhanced by a modest (1.4°C) rise in body
temperature

Chemical stimulation by  wide range of substances
o cuuse increased vemtilation thr

st comprises agents
thetic gangh. The sccand greup o chermdal s

=
‘manoxide which block the cytochrome system and so
present oxidative metabolism. Drugs that stmulste

cells have dopa

impossible at this stage to define any one criical neu
transmitter betaveen the type | cell and the carotid sinus
nerve endings ? No single receptor blocker prevents the
hypoxic ventilatory response.

“The gain of the carorid bodies is under servous control.
There is an cfferent pathway in the sinus nerve which,
n excitation, decreases chemoreceptor activity. Excita-
ion of the sympathetic nerve supply 1o the carotid body
casses an increase in sctiviy.

ther effects of stimulation. Apsrt from the well-known
increase in depth and rate of breathing, periphersl
chemoreceptar stimulation of other
effects, including bradycardia, hypercension, increase in
bronchiolar tane and adrenal secretion. Stimulation of
she caroid bodies s predominanly respinsony efecs
the

sespiration ¥ia the peripheral
described below.
Mechanism of action of

peripheral chemoreceptors
Intype I cells aterial hypoxacinia causes  reduction in
the intracelllar level of adenosine triphosphate (TP)
s levels of PO, that have litle effect clsewhere in the
bods i, in response o hypos

ensiive potssdum channels have been described, a3
mitochondrial _cytock

have haem-based

However, for hyposis, raised PCO: and
thefull
s and activation of thecarotid sinus nerve aferents s
notyet cear
Various nesroteansmitters have been identified within
the carotid bods, including doparmie naline,
ance P and enkephalin, but the role
, dopamine i abundant
in type | cells and released in 2 caleium-dependent

sty

Time coursa f the ventltoryrespnse o
sustained hypoxi

By contrlling the cancentration of inhaled oxygen, arte-
sl oxygen saturation can be

tained ot s constant level of hypoxia, usually with an Sa;
of sbout 80%. In order to separate the effects on ver
Taton of hypoxia and PCO: most studies use isocapr
conditions, where the subject’s alveolar PCO; is ma
tained st heir control (restin ventiaior) level by addi
tion of CO; to the inspr

and hypoxia in ventilatory control is discussed belon
moderate degree of sustained hypoxia the venti-
for epomse e b, chown i i 7, The
thsee phases are described separa

reduced and chen main-

 interaction of PCO;

Witha

Acute hyposic response. This i the first immediate and
fapid incresse in ventilation. Sudden imposition of

i
incresse for betuween 3 and 10 mimutes, rapidly reaching
high levels



s il st e

yponia Sa,, = 50%). Pracicalproslerms prvent th

et et 4 2

and respiatory gasesfor 8 hours, 50 e
by combining the data from three studies.

Vinen arteria Pco s manained a normal levels

socapris

ofthe response s damped because the hypoxia-

espiratory drive,See Figure 173 for respiratory effects

L ofprolonged hyposa. (e eferences 70, 71 and 72.)

Dusation of hyposia hour

Many factors affect the scute ventilatory response.
There ar withinan

s least 8 hous” and reaches a plateau by 24 hours.”
this response agsin make elucida-

individual o different days,” between male and female
subiccts and with the hormonal changes of the menstrusl
cycle.t A small number of oth

erwise normal subjects

lack 2 measurable ventilatory response to hypaxia when
seudied at normal is of lie importance
under normal circumstances, because the Pco, drive

eptors will nmm.\ll\ ensure

e Suchaoeiee 10 iy Sy i
altitude

Hypoxicventilatory decline (VD). Shortly after the acute

e degree of
the acute hypos

VD im  sngle subjct corelaes with
ic response - the gr
increase_in_ ventilation, the greater
decline.” Though not et completely elucidated, the
mechznism of HVD have a significant cen-
trally mediated component” and represents a charge in
veniltorydrive aher mm a decline in the sensitivity
of the receptors to " In neonates, HVD is
reversed by e e
adus” I animals,centr S R

chemarcceptors or a direct central effect of hypoxia
remains unclear

Ventiltory response o sustained hypoxia. Once HVD
ypoxia resulss i

wilatior
(see Figure 5.7). Ventilation continues to increase for

i difficult, but the most
i a direct effect of hypoxia on the

Hypoxia for more than 2-3 days only occurs following
ascant to shtitude and the effects of this are described in
Chapter 17. Finally, over many years there is a loss of

drive, which s grossly attenuated in residents at
very high altitudes.™

Ventilatory response to progressive hypoxia

Instead of maintaining a constant degree of hypoxia, ven-
ilation may be measured during a progressive reduction
in P Once agan by mmmn% inpired g concen-
(120 10 40 mmFlg) over 15 mintes”
ncresses progressively throughout this_per
response under these circumstances probably equites to
the acute hypoxic zesponse. IF alveolar PO, is plosted.
against. minute ventlation a PO/ventiation response
curve s produced (Figure A Poy/ventilation
response curve approvimates t0 a rectangular hyperbola
ix F), ssymptoric to the vensilation at high
Pao, (zero hyposic drive) and to the Pao, 2t which ven-
tion theoretically becomes infinite (known as ‘C' and
shout 4.3 kPa). Figure 5.8 shows a typical example but
there are very wide individusl variatiors. Note that there
is o small but measurable difference in ventilation
betureen normal and very. 3
Theinitialventiltary response o PO, may be expressed

g

w
Pao.-C

here W s a multiplier (Le. the gain of the system)

and parcly dependent upon the PCO. The ventilatory




A, i)

Figure 5.8 Vertiltory response 10 progressive
hyposia, The heavy curve rapresents the rormal

condiions, thit s, with Pco, maintained ot the

reducing P, (Data from eferences 81,82
ang 83

Taians ympios verdla

3 =
Al o (kFa)

vesponse here s the difference between the actual ven-
{iion and the ventlaion at. high POs, PCOs beig
unchane
The inconvenience of the nonlinear relationship
betwcen veniltion and PO, may be overcome by ploi-

“This approach i the bas
simple non-invasive: method of measurement of
hypoxic ventilatory response (see below).

latrogenic loss of peri
chemoreceptor sensi

yu

®

hypoxia and apnoea follows severe medullary hypoxia
whether due to ischacmia or to hypoxaemia. With den-
erated peripheral chemorcceptors, phrenic motor activ-
ity hecomes slent when the medullary PO falls to sbout
L7kPs (13 mmHz).™ More intense hypoxia causes 2
esampio of b it m sbnorre e, pr
sibly driven by This patcern of central
B e
nconates and may be the refic of a mechanisim to prevent
the fetus from attempting to breathe in utero.

Mechanisms of hypoxic depression of ventiltion.
Medullary PCOs, and therefore ventilation, may
reduced by increased cerebral blood flow induced by

Ners Fom the carod bodiss re usally dided by an sevee. o cnes, depletion of g
dusing bilteral carotid b pro-  energyp Howerer, it
el nconaal hypons sesls n decressed kvl of excistory

vides evidence that the carotid bodies are not ess

e that the common finding of atheroma-
rotid bifurcation may ftself redh

has been advocated isatreatment for incapacitating dys-
poea in severe respiratory diseast

Central hypoxic depression of breathing
In addition to its effects on peripheral chemoreceptors,
byposia also has  direct effect on the respiratory centre.
Central respiratory neurone activity is depressed by

Ponritansmirers gtaaie md Sperate) ol
increased lesels of inhibitory substances, particularly
GABA and endogenous opioids, both powerful respira-
tory depressants.

INTEGRATION OF THE CHEMICAL CONTROL.
OF BREATHING

The two main systems contributing to chemical control
of breathing have heen described quite separately, but in
the intact subject this s not possible. For example, the
pepheralchemerecepors espnd (dghty) o chanes
the respi il

otid b Ly
chemical mmm\ itk
shown schematically in Figure 5.




Bood-brainbsrrier

Ferpners
chemorecapror

Puimorniry
ventlation

Figure 5.9
of chemical contrl o breathing. See text for detal,

Scheme of connections between indidualaspects

ventlsion showed tht without conrl of Py the

hypoxia-driven increase in ventilati
oesaced by he P oktoa Hespetson o veadle,
tion, resulting in no change in minute volume untl
breshing s han 0% e w carlier studics
med before vchnalgy allowed

perhaps to catecholamine sccretion. T
curve in Figure 5.8 would also correspond 1o the
response during exercise 4t an oxygen consumption of
about SO0 ml.min”" It is important to note that the slope
of the cove. st noemal P, e consdealy Incrssd n

Itwas ugh sinter-
acted according to the algebraic sum of the individual
effects caused by changes of PCos, POy
Hypoxia and bypercapia were, for example,
< be simply additive in their
realised that this was a very simplistic view of 2 complex
system.

thought
effects, but it is now

SIS e Rl on e
ventilatory respon:

The acute hypoxic response is enhanced at elevated
PCOsas shown by the upper dashed curve in Figure 5.5,
the mechanism being indicated by broken line B in
Fioue SOMTHe o imlcsumss oo

response in asphyia being greater than the sum of
behiiosn & eln i rhe sise in PCO; and.
the fall in POy if

cble apori” diive to mmhn., el 70,
Enhanced response to PO, during exercise seems to be
e e
response 10 exercise (see Chapter 15).

Effects of Pao, and pH on central
chemoreceptor response**

The broken e (4) in Fgure . shows he fuence of

the peripheral chemareceptor drive on the
central ventilatory response to PC0:. Typical qu:num»
tive relacionships are shown in Figure 3.5, with hypoxia

the lof of cach fan and hyperoxia on the right. The
carve marked PO; SOKPa represcs total abolition of
Chemareceptor drive obtained by the iahalation of 100%

bolic acidosis displaces the whole fan of curves to

Responses to both acute and. mm cd hypoxia are
depressed by hypocapris, zs shown in the lovwer dotted
curve in Figure 5.8, This results from opposing effects

the left, 35 shown in Figure 5.5. The intercept (8) is

reduced bt e lpeof e curves ot ach sl of o

s vietually unaltered. Display of the fan of PCOy/venti-

Iaion respone curees a diffret POy a particularty
of

o hypov
until a::hmausauun takes place (page.

respiratory
E el faesep b ek g
determine.
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Figure 5.10 The breaking point curve defines
the coexisting values of aleolar 20, and <0,

Aveolar o, 93)

rom various states The normal aveolar point s

Z

sl oo, (rmtia)

be prolonged by
or by hyperventiation,
occuring after
hyperventiation with 100% oxygen.

" =
Aiveoior o (72}

BREATH HOLDING
Influence of Pco; and Po;

When the breath is held after sir breathing, the arterial
and alveolar PCO, are remarkably constant at_the

breaking point and values are normally close to 6.7 kPx

the bresking poiat. The relacionship hetseen PCO, and
PO, ot breaking point, afer staring from diffrent evels
of exygenation, is shown in Ty
poins cure i dispaced upuards and <0 <he left b
caroid body resection.”

On the basis of changing blood gas tensions and the
ey st s % g e
diced that subjects with “flat” ventilatory responses to
oxygen and carbon dioxide would be 2ble to hold theiz
bresth longes. Blite breath-hold divers (page 271) have
been shown to have a lunted resporse o carbon dioxide
b ot <o hyporia.”

Effect of lung volume
Breath-olding time is directly proportional to the lung.
volume at the onset of breath holding, partly because
this has 3 major influence on oxygen stores. There are,
however, other effects of lung volume and &ts change,
which are mediated by afferents arsing from the chest
sl the diaphrzgm and the hung itself. Prolongation of

breath-holding times s scen after bilateral vagal and glos-
sopharyngealnerve block™ and following complete -
jects ™ These studlies

* Alfter normal air brething, the breath is
held until breaking point, If the expirate i then exhaled

sense of relief although it may be shown that the rise of
PCO, and fall of Poy are uninfluenced

Extreme durations of breath holding may be atained
sfter hyperventilation snd preoxygenation. Times of 14
minutes have been reached and the limiting factor is
then reduction of fung volume to residual volume, 25
oxygen is removed from the alveolar gas.

DRUG EFFECTS ON THE CONTROL
REATHING

Conselinghehempeutic porenlofdrog kol

pcially infocncs iy dive i ¢ supisig
bt e e
ot derdomed B o s 4 et e
control of breathing described in this chapter is 2
relaively recent event, particularly when considering the

respiratory control (see Figure 5.4) means that drugs

=3




affcin a sinele reepeor may fve e offec, or
itsle

diverse cff

respiratory act
the respirstion of an individual patien is complex and
snpredictable. For exampie, in 2 healthy  patient
recovering from surgery under general anscsthesia, pain,
anxiety, stress and changes in bioad chemistry will be
Simulating breathing, whereas sedation, sleep and resid-
al ansesthetic or anslgesic agents will al be tending to
depress respiraion.

Respiratory depressants

Any drg that depresses ONS activity may depress
respiration, either individually or in (ambmmon g
other C) lcohol. Almost. all

mented depressant efects on ventilation ae opioid
mlgeis nd benaodizepines,

Dol B bt ek B i
recep c

for the y-opi
wentlcion and o complete resistance to the respirsory
effcts of morphine in those mice with 10 -receptors.

I humans,the evidence i less clear. In healthy subjects,

some with respisstory disease nalowone docs
Sralae veniltion
i o et s ottt
cause dose-dependent depression of respiration, nor-
el chursctensed by a Sl respiratory rte, bkt
50 commonly rediiced. Female subjects show
5 greater suscepribilty to the respiratory depression seen
with opioids " Ventilatory responses <o hypoxia and
hypercapnia are also severely impaired, removing the
physiological safety mechanism for patients. Pacil ago-
aists ot the -receptor,sich ss nalbuphine and buprenor-
shine,have  cilng lfec o o amle
dot st it ect on ventlation than
with ful foatof e salgenc el el
ey e opes r sl e by she et

volume i3l

[ o e e

o the respirstory depressant cffect of opioid drus is
nseparable from thei therapeutic effect. Equi-analgesic
doses of different opicids show simila degrees of respi-
tory depression but the speed of et of the drug does
et e il paers ofsspimrydresion ot
occurs. With. rapidly acting opioids such as fentanyl,
o ol s st et s

he slower acting

p
hypercapniadevelops to counteract the respiratory
depression.

5.0pioid receptors are
pontine respiratory group
prors reduces ventilstion by a decreas-

rormally present in the

analges may be respiratory
i) ey A i
 Receptors are believed to have no influence an respi-
ratory control despice sill having aralgesic effects, so
this recepror subgroup offers some hope, in the future,
for opieid analgesia without respiratory depression.

Benzodiazepines. Benzodiazepines exert their effect by

sill be sbaormal despite the subjec
sedated. ™" Unlike for apioids, the respiratory depres-
ave a ceiling

ather NS depressane, comronly aloho, are ingested
simultancously.”

Respiratory stimulants
Non-specific CNS stimulant drugs have existed for many.
years and, as past of their general stimulant effects, also
increase respiratory drive. Eaely drugs of this type, such
a5 nikethamide and almitrine, were used as respiratory
stimulants” but at effective doses they had an unac-
cepably high incidence of CNS oty such se
headiache, agitation, muscle spasms or convulsion




spram s the only currently used respiratory
o R AR R
i thi i e oot s
high incidence of CNS side effects. Animal studies”
and indicect evidence from humans'™ both indicate that
dompram stimltes the periphes cherorecepors 1o
increase respiratory d effect oceurring at lower
doses than those causing more generalised CNS stinm
Jation. In healthy subjects, infusion of 2 standard dose of
doxspram approximately doubles resting minute solume.

eralise o
e mmpcuuc fiS ) ool (e s s
percapnia (page 328) and inreasig che paient's
s o ket bl e

METHODS FOR ASSESSMENT OF FACTORS IN
CONTROL OF BREATHING

In assessing the control of breathing under ideal condi-
tons, arterial mmd B o ol et
continuously. In
S
idsl gas concentrations are measured and converted to
partial pressire. In normual healthy subjects swith reason-
shle slow respiratory rates, these me
s well o e and therefore et esion, b
this may not be the case in pati

asurements will

Sensitivity to carbon dioxide
A lack of ventilatory response to carbon dioxide may
el from i ancion of he 1

between the

tion/PCO; response is necessarly due to falure of the
centeal chemoreceptor mechanism.

Steady-tate method, This techniaue requires the simul-
tancous meastrement of minute volume and FCO. afier
PCO; has been raised by increasing
of carbon dioxide in the inspired g1, The ventilation is
ussally reasonbly stable after 3 minutes of inhaling a
fined concentration of carbon dioxide. Severinghaus’s
prcudo sads-state method " measures ventlation afier
4 minues and s 3 vl compromise, i higly
repeatable results.” Several points are nceded 1o define
I Py e i espinae e d 14 5 e

the concenteation

consuming process, which may be distressing 10 some
patients.

Rebreathing method. Introduced by Read in 1967, this
technique greatly simplified determination of the sk
h

of the PCO/ventiation response curve.” The subject
rebreathes for m a 61 bag
originally containing 7% carbon dioxide and about 30%
oxyzen, the remainder being nitrogen. The carbon
dioxide concentration rises steadily duriny rebreathing,
but the oxygen concentration should remain above 30°%
Thes there shauld be ro appreciable hypoxic drive and
ventilation is driven solely by the rising arterial PCO,

and plotted sginst the PCoy of the gas in the bag. An
automated technique may be used by which the
PCoy/ventilation response curve is :u\mmn(.\l]v deter-
presented on an XY plors

o P enaitin i e messwsdiby b
rebeathin echniue s dplced tothe ight by o
07kPa (5 mmbg) compared with the steady-state
method, but the slope oerecs ey b S
state method

Sensitivity to hypoxia
There is often same reluctance 1o test sensicivity 1o
hypoxia hecause of the reduction in PO; to wh\(h the
patient is exposed. \arious approaches to the problem.
Fave et descind, of hih et (et
rarel) in practce.

teady statemethod Tis s the cussi echrique and

is sl posible to presen the daa in the form of 2

recang la (sce Figure lsing the
i oty s e

The same. PG (imescepts of components of che fin

with 1 vertcal line drawn

). The parametersof ¢

i these

the run at low PO and high Pr(»

Rebreathing method. Read's rebreathing methad is
el Mo okl e Sonted e e e
response to hypoxia.™ The osygen concentration of the
rebreathed gas is rechuced by the oxyzen consumption of
the subject, but active steps have 1o be taken to main-
tain the PCO; 2t a constant level. Caleulation of the




response i ey simplied by mesurig the crygen

Semonae s Ay bacased by sbespaiesa el
ity to PO,

Intermittent inhalation of high axygen concentration.
“This method avoids exposing subjects to hypoia. Ter-
porary withdraval of peripheral chemareceptor drive by
inhlation of oxygen should reduce ventiation by about
15% This may be used as an indication of the existence
of carotd body actiity but cear
ive than the steady-state me
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Chapter "

6 Pulmonary ventilation

KEY POINTS

e g i
tonic and phasic contraction to maintain airway
e e A

“This development of orly a few kilopascals of subat-
pressure in the pharyns tends to cause the
pharyx 1o collapse.

Pharyngesl obscruction in response 1o these pressure
s dig nspistion s apposed by relle contrac-

muscles bring about inspiration by a complex.

combination of actions, these varying with

oo

Expiration is normally passive, except during
S e T

higher than normal, when intercostal and

‘abdominal wall muscle contraction causes active

expiration.
® The work of breathing’ describes the power
needed i

tion of
A e e e e
receptors in the pharynx and larynx. These pr
receptors respond in a graded maner to subatmospheric
s ) Sl S G R B
rapid resp on the abservation that the
iyl e refice o et during lecy
) ettt e e
* Neverdheles, dhe refles

the respiratory system and the non-elastic
resistance to gas flow and is normally generated
by the respiratory muscles used for inspiration.

Becsbing conssts of thythmic changes in g voume
brough ¢ medallary sespiratory neurones
Soemiiie s
isolved in effecting the change in hung volume. Firs,
muscls of the pharynx and laryns control upper sirvoy
sesistance; second, the diaphragm, ribcage, spine and
neck musclesbring about inspiration; and fnally, muscles

of the sbdominal wal, sbcage and spinc are used when
active expiration i required. Many of these muscle
sroups have common origins and attachmens such that
dhi iy is comple s dependen b on cxch
other and on many non-respiratory factors, such as
pasture, locomation and voluntary actviy

UPPER AIRWAY MUSCLES

During inspiration through the nose, the pressure in the
P below atmospheric by an amount

product of inspiratory gas flow rate and the
Bow esmnes aftedia by e mase (s Figure 41),

ined down to pressures of 1.5 kPa (15 cmH;0) below
aumospheric during acte but ot pasive bresting
omary. stretch. receptors may also
o the reflex as pharyngeal crosssectional
area correlates directly with lung volume.”

There is no significant arrowing of the airway when
changing from the erect to the supine posture in the
normal subject.” Genioglossus EMG activiy s incresse

Comveie o the o

palatoglossus and palatopharyngeus, and tonic but not
gt has been detected in levator
Vithout contraction of these muscles the soft
i A e el
wallin the supine position.

Failure of the various mechanisms thst preserve
pharyngeal sirway patency may occur during sleep,
eascamilac e Tan il o
are discussed in Chapters 16 and 2




airway resistance. During. quiet
brcsthing, movement of the vocal folds s used as 2 choke
for fine control of airway resistance.! On inspir
phasic ity of the poteioe crmstncid muscls,
e the rytenid clges, s the
e resistance.” A greater effect
i Ao ivio, hon phaic doscal vy
in the thyroarytenoid muscles indicates adduction of the
vocal cords'® and hence an increase in resistance. This
may help to prevent collapse of the lower sirways

(page 44).

RESPIRATORY MUSCLES OF THE TRUNK

Laryngeal control of

Nomenclsture in this area can be confusing, with differ-
i1y e siophangm anc Boch e thercfors grealy
influnced by its activiey

The diaphragm

The diaphragm is & membranous muscle separating the

abdominal cavity and chest and in adults has a total

Conil |

-0

Gl 13
(i

sy from te prene nerves (C3,
it ather shceal muxlo, e
i

i lengeh b up 0 0% betn
e it g e “and spend 45% of cach

function and unilateral phmmt Skt ek deot

ment of averall ventilatory. espite the impor-
tance of the diaphragm to rexplmimn, bilateral phrenic
interruption s sl compatible with good vendilatory
anction.

Mechanics of diaphragmatic function. The origins of the
crural pact of the disphregm are the lumbar vertebrae
and the arcuate ligiments, whereas the costal parts arise
from the

have enbled th

zone of apposition exists around the outside of the

diaphragm where it is in direct contact with the internal

Figure 6.1 Three-dimensional reconstructions.

hypecinfaion on diaphragm length and srface
area.Am J Respie e Care Med 1997: 15612 pt 11
0e8)




aspect of the ribcase, with ro lung in betseen, but the
parictal pleura stll allowing free movement of the
disphragm. At upright FRC in humans, approximately

hragm surface area s in the zone of

apposition.
There are many ways by which diaphragm contraction
ing volume” and

be considered using a ‘piscon in 3 cylinder” analogy, the
tunk representing the cylinder and the daphragm the
pison (Figure 6.22) Fgure 6.2b illustrates the first pos-
sble mechanism, insolving dowrward mosement of the
isphragm simply by shortening the zonc of apposition
around the whole cylinder and leaving the dome shape

inchanged. This is a pure “piston-like” sction and has
the advantage of very efficient conversion of diaphragm
muscle fibre shortening into chenges i lung volume.
Figure 6.2¢ ilustrates ‘non-piston ke’ behasiour, in
which the zone of apposition remains unchanged but an
increase in the tension of the diaphragm dome reduces
the curvature, o expanding the lung. In this sicuion,
ihe daphagm behaves ke s b and Loplce's e

Figure 6.2 Piston in a cylinder analogy of the.

(@ Inspraton with pure non-piston-ike behaviour
@ Combinaionof piton ke and nonistohe
an s i cqes

st dosely i reptation v, A, 2o
" apposiir

the spine. The cross-sectional ares of the cylinder is gov-
erned by movement of the ribs. This movement involves
mainly rotation of the neck of the rib about the axis of
the costovertebral joints and theis shape s such that ele-
wation of the ribs in this way increases both the lateral
and anteroposterior diameter of the ribcage. Elevation
of the ribs by the intercostal muscles tends to result in
2 'bucket-handle” action, whereas elevation of the ante-

siorsibage by, or example, the steromasiod miscle
elevating the sternum results in 2 ‘pump-handle’ type of
e e

e e
and upper limb movements. Upper i

do mot necessarily behave in quite the
same way as the lower floatng’ ribs, which are nserted
o the more fleible costal crciage.

The intercostal muscles are divided into the external
sroup (deficient anteriorly), the less powerful internal
sroup (deficent posteriorly) and the fecble strands of
fntercastals intima. The interml itercostal muscles of
the upper ribcage become thicker anteiorly, where they
arc known as the parasternalnsercostal muscles. In 1749

ibs are inserted into
the sternum and

dictates the change i pressure (or
o) et g hgapreet: sl
This is kel 0 be less efficient than piston-like behay-
our because much of the muscle tension developed

e o suggest tha
the external inercostols were primarly inspiratory and
the internal intercostalsprimarily expiratory ~ Thovghan
oversimplification 2 this has generally been confirmed by

fthe inteznal

tran. moving the diaphragm downwards, such that in

theory, when the diaphragm becomes flat, further con-

tracton vl have o effect on fung volume. Fially,

e 6 2d ncorpures bt s o bt lcads
fo

In the supine posiion, diaphragm acion i a combina:
tion of al the above wwell 3 a change in

inreosals s praory in boch humans nd animls
activity of external

e i ot i e bt

sture plays an important role in intercostal activity in
humans. For example, during the rather extreme postural
challenge of rotating the trusk, which changes the
mechanical properties of the ibs, the respirators activity
of internal and extemal intercostals is reversed, sith

shape involving a tilting - Hatcning of the daphragm
in the anteroposterior direction

Ribcage muscles?’

Aty desm)wd the s ma be as
cylinder with length governed primarily el

spluegoand xe:ondanl) by flexion and extension of

Scalene muscles are active in inspiration during quiet
breathing in humans,”! particularly when upright. Their
roleistocevate the e and this counterscts hetne

i disphrsgm to cause inward displacement of
anpebabe Tonvaiion % Fom G118 G

Accessory muscles. These are silent in normal breathing
in bumans but as ventilation increases, the inspiratory



muscles contract more vigarously and accdssory muscles
are recruited. Considerable hyperventilation (about 50

d help to expund the chest, provided
the srms and shoulder girdle are fixed by grasping 2 suit-
able support.

Abdominal muscles

With the exception of gas within the bowel lumen, the.
abdomen is sn incompressible volume held between the.
dphragm and the sbdominl musces. Contracion of
cither will cause a corresponding pass: ment
0 i i sl s e et
expiratory.
tus abdominis, externsl oblique, internal obligue
and tranversalis muscles are the most important expira-
tory muscles, whereas the muscles of the pelvic floor
have a supportive role. Contraction of this muscle group
resslts i an increase in abdominal pressure, displacing
the diaphragm in s cephalad direction. In addition, their
insertion into the costal margin resules n a caudad
ment of the ribcage, so assisting expiration by opposing
the ribcage muscles. External obligues are usually mon-
itored a5 an indication of expirztory muscle sctivity, but
pressure is 3 valuble index of their activity

40 L, in the face of substantil expiratory resist-
ance, during phonato expulsive
efferts. When upright, their use in breathing is compli
cated by their rle in the maintenance of posture.

when making

INTEGRATION OF RESPIRATORY
MUSCLE ACTIVITY”

Breathing
Figure 63 shows the radiographic appearance of the
ibcage at residual volume, the normal expiratory level
and at maximal inspirstior, and illustrates the enormors
range wid ribeage. Expi-
ation normally proceeds passively to the functional
residual capcity (FRC), which may be considered as the
cquilibrium position governed by the balance of elasic
forces, unless modified by residual end-expiratory tone
i certain muscle groups. Inspiration is the active phase,
entering the inspiratory capacity but nwm\a“\ leing 2
substantial solume unused (the inspi
ola) Sy e 5 e
ory rescrve volume) becween FRC and the resid-
m! volume (see Figure 3.5). By voluntary effort it is
ssible to effect a satsfactory tidl exchange anywhere
ki che il capciy, bt the verk of brathing s
‘minimal at F
s e ik of the respistony muscles
individually, it is fmportant to remember that they act
i St ot el et on
is iflnced by_fatos incudig pos e

movement within the sem

igure.

in intrasbdominal pressure.

In the supine positon, the shdomial muscles are
normally insctive during quiet breathing
00 il i the e e e W

Masimalinspiaton

sdualcapcity

s e soae e ¥
rprhscsiat oot i

Inspiration, In Figure 6.4 it can be seen that the sibcage
inspiratory muscles (external intercostals and scalenes)

Figure 63 Outlines of chest radiographs of

masiml nspiration. (Wi thanks to Ot &L Marks,
who was the subject)



ition (69)

Aodomina
musdes

Figure 6.4 A model of the balance ofstatic and
dynamic forces acting on the fespiatary system.
The cenvalbar, atached to th

e the ekt of he b,

details. (Derived from references 26 and 27.

Spontsneous breatiing  Sportaneous Obstructed
ugioh) and oreating nspiation
P supine) fsupne) {sovolume

The broken ine represents FAC

and diaphrage act in parallel to inflte the lungs, with
postare afecing wich muscle roup is dominant (sec
bellow). In_either position, diaphragm activity alone
results in 2 widening o the lower ribcage and an indravi-
ing of the upper ribcage (often seen with spontancus
respiration during general anaesthesia), which must be
countercd by the intercastal and neck muscles contract-
ing simultancously

Expiration requircs o muscular sctivity during quiet
breathing in the supine position, because the clastic
recoil of the lungs provides the energy required, aided
by the weight of the abdominal contents pushing the
opbragning sl deecron I the gt

Forced

more imporcant unsil ventlation assumes 2 quasi sine-
wave push-pull pattern.

Sepiriontot lane Eonvacnsof
nbcage and abdomer
and Mead u.gmauv proposed tha

at the separate

ing. cither anteroposterior distance (magnetometers),
Soeunference (sl i) o cromecional s

ry inductance plethysmography, RIP). Once
inially e R s e

the iy
msces and the sbdominal wall msces et n.
returning the ribeage and diaphragm to ing posi-
tion. In extreme hyperventiation, for ittt
exercise, the expiratory muscles become progressively

volumes, the sum of RC ard AB move-
idal volume and provides an

ments correlates well with t
xcelntnoinvaste messueofvencation. RC/(RC ¢
AB) indicates the proportion of tda

attributed to expansion of the iy (usually expressed
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Figure 65

secional a3 of the ibcage

The sum of the A

body posiions commonly used during snassthesia, Anesth Anclg 1591; 73: 422-6)

RO Howieer, such i the complexicy of the mus-

tres during soral beathing n dfferent positions,

Effect of posture on respiratory muscles

Ugright poscure, whether standing or sitting, is associ-

ated with grester expanion of the shage” sch tht

HRC s 7% (e Bigoee 65) To s

this, increased EMG activ S

i et pscesh s she paregeral mereosnls
bably therefore also occurs in the extersal

t for

intercostals.

Supine position. When supine, the weight of the abdorn-
inal contents pushes the diaphragm upwards, so that in
the supine pasition the diaphragm tends 1o lie some
4em higher, which accords with the reduction in

FRC when ipine s Bgre 39). Withthe diaphragm
higher in the chest, its fibe length is greater

B o ot reeffemnsly oantaciog
tendency to airway closure at the reduced FRC. Th

dimensions of the ribcage are probably little altered and
the increased disphragen activity therefore results in
sedaced AR ofabout 334 in che supine posiion. n

resclus

Figure 6.6 Radiographic outines ofthe lungs at two evelsof
lung volume in aconsclous subject during spontaneaus

bresthing i the ltera posiion ight side down. This s the
me subject 2 in Figure 6.3: comparison willshow that i the

differ signifiaodly from that in o supine position (see
Figure 6.5).

Lateral position. I this position (Fisure 6.6) only
the loswer dome of the diaphragm is pushed higher into
the chest by the weight of the bdominal contents,

lung
volume whareas the upper lung i close to nspiatory capaciy

volume changes that occur n thelower lung during
inspration.




hereas ce uppe dome s fatened. ¢ ollws ht he
lower dome can contract more effectively th
T coiniiiomof h et g s bt tice

in ather horizontal positions, abdominal expansion is
predominant in the laeral position (see Figure 6.5).

Chemoreceptor activation
In animals, clear differences have been demonstrated
Je response o hyperenlion
r hypoxia or hypercapnia.”

e e e

inspiratory muscles, whereas hypercapnia. stimulates
both inspiratory and expiratory groups. Similar
responses oceur in humans, with diaphragm EMG activ-
ity increasing in response to both hypercapaia and

hyposis, but more rapidly in the later, and expiratory
muscle activity increasing lmost exclusivaly during
Bypescanic hyperventition = Hpersentlation. in
response i the supin posion euls i
C conteibucion (0.13% per kP PCon
or 19 per mmH PCo;) >

NEURONAL CONTROL OF RESPIRATORY MUSCLES

he espitory miscles i commn withatherseltl
muscles, bave their zension controlled by & wech-
iom mecimed oy el spelc. They appeas o ly
a more important role in the intercostal muscles than in
the disphragm, and there was some doubt abot the exis-
tence of spindles in the human disphragem untl a small
umber were demonstrated. ® Their function s largely
inferred from knowledse of their well-cstablishe role in
other skeletal muscles not concerned v

Two types of

the anterior

e an exiatry efec on the alha moto neurones,
Using this system, an efferent impulse transmitied by
the gamma system causes refls contraction of the main
muscle mass by means of an arc throush the annulospi-
calafferent and the alpha motor neurone. Thus contrac-

tion of the whole muscle may be contcolled entircly by
efferents travelling in the gamma fibres, and chis is
believed to occur in relation to breathing.”

Altcrnatively, muscle contrection may
insance result from discharge of both the alpha and
gamma motor neurones. IF shortening of the muscle is
usl) and inteafusal fibres will

e bog to be stretched (Figure 67D} The conse-
quent stimeltion of the annulospiral endings results in
afferent activity that raises the excitatory state of the

motor neurones, causing the main muscle fibres to

rimiiar thclcad s v R adumnres
For respiratory muscles, a servo system s very adan-
tageous. The message conveyed by the cff
from the inspiratory neurones of the m
in the forms: ‘inspiratory muscles should contract
whatever force may be necessary to effect such and
suich a change in length (correspondin o a certain tidal
volume) inspiratory. muscles should
contract vith such and such a force’. A

i not simply:

fste effectiveness of the response is
able in terms of muscle spindles.

Neuronal firing patterns

Respiratory muscles are also similar <o ather skeletal
muscle with respect %o the action potential (AP) pat
tems in their motor neurones. The tension generated
in a muscle s directly related to the frequency of

in the motor nerve. Even in supine resting subjects,
erves suppling the parsste display a
continuous ‘uain’ of APs at a frequency of § Hz during
expiration, increasing o 12 H. during _ inspiration
Occasionalysuperimpesed o s ot e ‘bl
of APs, which are pairs of APs only § ms apart. In non-
reopcsory ek et sre bellered oot s
sudden step increase in muscle tension, but their role in

el intercostals
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Spinte
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Weigh ased
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et i)

nof the
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(e e reing e with sl ar

e 67 Digrammatc presraton

fibres of spindiereaxed. () The muscle s
mping ot he weiht olowing dichageof
oth alpha and gamma systerms. The

Hovwever he inrafusal fbres are abie to shortr
e

(@ Alpha discharge is augmented
and the weight s finlly Ifte by the more powerful
e weight s fted,

ine ftng of 2

Lot 11 o wher s sl
contract against Increased ainways fsisance:

sespiration s unclear and they may be related only o
voluntary chest movements.

Muscle fibre subtypes™
Respiratory muscles, ke all skeletal muscle, contain
different types of fibre classified according to which
soform of myosin heavy chain (MHC) is expressed.
“Table 6.1 shows the three fibre types known to cxist in
ry muscles and thet b

extreme. The proportions of different fibre types in 2
che sort of work normally under-
example, in muscles mainly
involved in maintaining posture, type | fibres predomi-
nate, whereas intermittent activity,
such as hand muscle, type I1a or I1b fibres predominate.
Relative proportions of the diffecent fibre types in
human respiratory muscle are showa in Table 6.1, but it
is unclear which type are responsible for different res-

in those requiring

muscles,

chemical featurcs Which soform of MHC s expressed
in 2 e e deternines he velocy of contacion
(s Bble 1), Diferet iscfom

. s ier B yres
e o B L

zymes insolved

traction. Type | fibres contract and relax slowly, but can
maintain tension for long periods using aerobic metabolic
pathivays and are fatigue resistant, In contrast, type IIb
s rlymlly on ghooyic mtablc pathvays foc
coery supply, contraction s qicher and songer in
T o sy hey Ptk oy Type s ives
have  propertics  intermediate et

piratory mus . In animal respiratory
which tend to have fesver type 11 fbres than humans,
oth euprocic Rl e
solely by using type I fbres nd
required for cxpulsive efforts such as sneczing and
coughing.* A high proportion of type I fibres (43% in
human diaphragm). indicates that they are probably
respansible for both posture and respiration in humans,
and that type 11 fibres are again only required for
expulsive efforts and active movements such as running,
jumping etc. Respiratory discase, drugs and. artificial
vensilation all cause changes in the relative proporti
of different fibe types in respiratory muscles (see Table
&)

e 11 fibres are only




Relative proportions in:

‘Normal subjects. as 9%
copp hid a
Steroid myopathy o o
Anficil ventiation’ a i

16%
P
oo

28 ATP, adenosine triphosphate.

RESPIRATORY MUSCLE FATIGUE AND DISUSE™*

“The diaphragm, like other striated muscles, is subject to
e

hard enough (cither consciously or subeonsciously), but
this is unlikely to be significant in respiration because
subjects with respiratory failure usually have a_high
central respiratory drive. Peripheral fatigue occurs when
frequency of metor nerve APsbecomes chroncally
o increase muscle ten
Eventual, when workigsguinet 1 unsstaable Imd
stristed muscle shows a progressive e
frequency component of the EMG relative to o

Toss of

indefinitcly, but loads greater than 40'% of maximum can
only be sustained for a shor time.

Blood supply 10 respiratory muscles may be important
in fasigue " Animal sudics have shown that incresse
aret ot s Alphwagomicblood fiow (eimuleed

i noradhenaline) augment the. contractity of
fatigued diaphragm. In addition, patients with severe

on cardinc failure, and therefore Tow cardiac
it have weakened respiatory muscles compared
o matched controls, despite having similr uscle
i the arms.* The high rate of activiy of res-
Piretory e s 1 Jute e oo Smnepcbla
10 weakness in the face of educed oxygen supply com-
pored with other muscles, 3 situation that ofien cauises
geoblemsin it s whn i 0w

from artificial ventila o
function is adequate (page 430)

lacion befor:

Effect of disuse'™

Ths ey o el sl mhiton
with or without neuromuscular ¥ e

‘controlled ventilation, protein degradation has begun in
all muscle Bbre types and disphragm mass i reduced by
10%. Similarly, changes in the expression of major histo-

sength s substantially reduced. (see Table 6.1).
Extrapolation of the results of these animal studics to

birmsis 8l e there e emers s ors affect-
wscle serength in critically ill patients

active respiratory muscles will be detrimental to their



fusction and recent developments in artfcial ventilation
have mostly focused on supporting, rather than replac-
ing, the activity of the patient's respiratory musscles (see.
Chapter 32).

‘THE WORK OF BREATHING®

When expiration is passive during quiet breathing, the

wark of breathing is performed entirely by the inspirs-

tory muscles. Approximately half of this work is diss-

ted during inspiration as heat in_overcoming the

Frictional forces opposing inspiration. The other half is

potenial ety in the deformed clstic smes
otential energy is thus

disipated s heat in overcoming the fictiona forces
resiting expiration. Encegy stored in deformed. elastic
et permitsthe work of xpiraon t be tan-

with

% @ W
on i) (BTP5)

Figure 68 Oxygen consumption of the respiratory muscles

plotted against minute volume of rsplration. The ople
nd xygen cost o breathing in millres of oxygen
consumed per e of minute volu e obsines from

the normal subjactshows the low oxygen cost o breathing Up.

moderate increases of cither inspiratory or expiratory

70tumin”. yoer
tisessteeply.Ina patient with chronic obstrucive pulmonary

resistance, hung,
increased in the latter condition (page 49)

recoil being

the esting minute volume bus lso ses more seply as
o

e actual
s veey small n the healthy resting subject, Undes these

respiratory muscles is only about 10%, The effciency is
further reduced in many forms of respiratory discase,
certain deformities, pregnancy, and when the minute
volume is increased (Figure 6.8). When maimal venti-
ation is approached, the efficiency fall to suc
okt 2ol s made vl U ot
increases in ventilation will be entirely consumed by the
respiratory muscles

Units of measurement of work
Work s performed when a force moves it point of appli-
cation and the work is equal to the product of force and.
is performed when
g o

moved. Similarly, work

the

his case the work
pressure and the
change in volume o, skernatisel; the prodact of the
mean volume and the change in pressure. The units
of work arc identical whether the product is force
distance o pressure  volume. A mulkipliciy of units
have been used for measuring work and are listed in
Appendix A

rate at which work is being
T o ‘erk o ecaing’

Power is a measure of the rate
(or can be) performed.

itis normally used and when expressed in watts,is thus
‘amisnomer because we are referring to the rate at which

fespistory muscles are consurming 200 i of oxygen per
minute and a further incrcase of ventition would consume.
more oxygen than t would make available o the fet of the.
body. (Afer reerence 50 by permission of the Journal of Agpled
Physloay)

work s being perfarmed, so paer is the correct term.
“Work of breathing’ would be sppropriate for a single
event such as one breath, and joules would then be the
apprapriate units.

Dissipation of the work of breathing
The work of breathing overcomes two main sources of
impedance. The fiest i the elastic recoil of the lungs and
chest wall (see Chapter 3) and the second is the non-
elastic resistance o gas llow (see Chaper 4).

Wk agais eastcrscol. When s clstic body s
sipated s heat and all work is
iy R b e e of
the alveolar pressure/volume plot for the total respira-

expiration. In Figure 6.9b, the pressure/volume curve is
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Figure 69 Figure 610
i s the aveolar
The cree OAC 5 the ot
in Figure 37). inflation of the lungs. The darker

pressure/volume curve s fatter (ndcating sife o less
complant lungsl.

Hlatter, indicating stffer or less compliant lungs. For the

same tidal volume, the area of the triangle is increased.

This indicates the greater amont of work performed
por

e patr. Y eprsmis e d g the ks
while YA represents the press

Festancs A e o prsere o ok mispentThe
ghter shaded areas represent the work done against eastc
resistance (s Figure 5.3

area to the right of the pressure/volume curve indicates
formed

against energy
available for expiration.

Workaganst resstanceto gas fow. Frictional resistance
1 isrequired.

frictional zesistance. Figure 6.105 represents 2 patient
with increased airway resistance. The expiratory curve,
ot shown i Figire 6,10, ould be bowed o the e s
he pressure gradient is reversed

ber e e s flow that is
rellected in the mouth pressure, which, during inspira-
tion, is above the alveolar pressure by the driving pres-
sure required to overcome frictional resistance. When
mouth pressure is plotted as in Figure 6.10, the inspira-
tory curve is bowed to the right and the darker shaded

during expiration

‘The minimal work of breathing

performed

For a constant minute volume, the work
against clastic resistance is increased when breathing is



Normsl Increased

Figwe 611 pinmal otk of breating T
iagrams show h ittt nd
eyl s ey

@ the toal

etomed e fquenis with e
complant ungs and at ower frequencies when
brebar it st s,

s S 0

jency (restnspet

slow and deep. Conversely, the work performed against
i flow resistance is increased when breathing is rapid
and shallow, If the two components are summated ard
the total work is plotted against respiratory frequency, it
will be found tht there is an optiml hic

1% o vkl

o (s in patients with
i hos) e ey s,
e presence of increased air flos resistance,
the optimal frequency is deereased. Humans and animals
tend 1o select a respiratory freguency close o that which
minimises_respiratory work. This applis to different
species, different age groups and also to pathological
conditions

whereas in 1

MEASUREMENT OF VENTILATION

able design, may have « stisactory frequency response
up to very high respiratory frequencies

Dry spirometers are hinged bellows, ussally with elec-
tromic displays of both volume and instantaneous flow
rate. urscy approaches that of a water-filled
spirometer and they are far more convenient in use

Their

Dry gas meters are based on two bellows that alterastely
drive 1 spindle by means of cranks. The principle is
similar o the. xm,s established design of meters used for
‘measuring domestic gas consumption. They are not accu-
sate for small volumes such as 2 single tidal volume but
are very relisble for the measurement of larger volumes
Such as the volume exbaled over 2 few minutes

e best known of these instru-

Volume may be measured either directly or by the
continuous integration of instantaneous gas flow rate
(Figure 6.12)

ments is the respirometer developed by Wright

1655, Alternating gas flow is mechanically rectified and

he dead space (22mi) is suffciently small for the

patient to breathe to and fro through it. The essential

s s entrly mechonal wih ndicaion of
1, but the outpy

pi
Inspiratary and expiratory tidal volumes (and therefore
it vlonc) ey be markely Qffeens and she -
s important in calculations of gas excl

normal respiratory satio of about 0.8 means
it inpirtry it vlme i« sbot S0l e

exchange

than thee:

Cecucasignal o ndicae ither il volumeor mingte
volume. In gencrl the respirometer is accurate and
e ot low s o it volumesand g a high
minute volumes * Departure from normalty is thus
exapgerated and the instrumen is eseatilly safe

b e i ooy s i iz s
during uptake or wash-out of an inert gas such as nitro-
sem or, to a greater exten, nitrous oxide.

Water-sealed pirometers provide the reference method
for the measuremment of ventilation (sce Figure 6.12) ard
may be precisely calibrted by sater displacement. They
provide negligible resstance to breathing and, by suit-

Reference las
been made sbove (pase 80) to this method of measur-
ing the cross-sectional area of the ribeage (RC) and
abdamen (AB) * The sum of RC and AB

lates well with lung volume and, following calibration
against a spirometer, changes in the summated signals
provide  very useful non-invasive method of messurin
ventilation, uninfivenced by the presence of a
i ol el g ey s Figi
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Figure 6.12 Relationship betyicen voiume and flow
e e uper o showsvlume ot gt
time; this type of racing is btained fror

spiromater The lower graph he

gives  preumotachogrant;integration of the
preumotachogram gives a spirometer race.

dlatory by integration
of instantaneous gas flow rate

Electronics hav measurement _of ventilatory
ok b tsegredoe e bl
spread technique in clinical environments. There are
inaoy methods for mesning capily chingiog gt flow
rates, of which the original

In .
tidal volume may be measured, from which respiratory
rate and minute volume can be derived and a useful
method of detecting apnoea or disconnection s there-

fore provi

OF VENTILATORY CAPACITY

This oploys meesirement of the presre. gient
across o laminar resistance, which ensures that the
e deap s diecly proportion! <o flw rce, This
s illstrated in Figure 6.12, w
wire mesh screen. It s necessary to take precautions
t0 prevent errors due to different gas compositions and
Senpenie s 3 pvet omdmmtionof

Measurement of ventilatory capacity is the most com-
monly performed test of respiratory function. The ratio
of ventilatory capacity to actual ventilation is a measure
of ventilatory reserve and of the comfort of breathing.

Maximal (MBC)

on the screen.
millimetres of water and the volume can e very small
The presmotachograph should not therefore interfere
with respiration.

Most ventilators and anasthetic machines currently in

10 be of very low resistance 1o allow measurements

Al efrredto 35 maximl olusary venilation, MBC
s defined 3 the maximum minute volume of

that the subject can maintain for 15 scconds. In the
normal subject MBC is about 15-20 times the resting
minute volume. The subject simply breathes in and out
of aspicometer withour the necd for remoal of carbon
dioxide; slthough simple, the sest is exhausting to
perform and is now seldom used. The average fit young



male adult should have an MBC of sbout 170 Lin™ but

ol vlus depnd upan body s, sge and s the
47 ™ for men and 55139 Lmin-

for women.

Forced expiration

References.
unequivocally sbrormal. In spite of the many causes of
4 reduced VC, this methad of assessing respiratory

muscle function i very useful for monitoring the devel-
opment of progressive muscle weskness in conditions
ich as myasthenia gravis and Guilain-Barré synrome
(page 367).

cxpirstory volume in 1 second (FEV,), which is =
from

Pressure when breathing against an
\m,.mu cesistance, are used to assess both inspiratory
Al

S icina! wiracon. % sonble piommsics o ll b
tequired. It is far more convenient to perform than the
MBC and less exhausting for the patient. It correlates
well with the MBC, which is normally about 35 times
the FEV,

Peak expiratory flow rate
Mast convenient of all the indirect tests of ventiltory
capaciy is the peak expiratory flow rate. This can
sich simple and inexpensive handhld
ually based on th
rorcanio of rcsararméats of asmal o
o e mideding ¢ should b rememberedthoc oo
‘measure active expiration, which plays 1o part in
2. They are mast commanly

should exceed 75% in the normal subject.

ASSESSMENT OF THE RESPIRATORY MUSCLES™*

Severe bnormalitis of muscle function may be assessed
by simple observation of spantancous breathing. During
inspication, paradoxical movements of the trunk may
accur, such as inward displacement of the abdominal
vall (diaphragm falure) or inward movement of the

 damage, particularly if unilateral, when the body
St chnzes il Voo chovs

Vil capasty (VC; s Figure 35) s s accpted 5
the best “bedside’ monieor of respiratory muscle func
i, petcauly when peformed sopin.® Peformanes
o 3 VC manoeure reuies paient coopeation and
ingle low reading is non-specific.

compliance and involve o degr of espistory discom-
fore so these tests, though more specifc than VC o res-
piratory muscle function, are not widely used. Mouth
presare oy be measured while 2 dow npirsion o
expition is performed aginst 3 mederte rspiaory
o SRS o D one
the nasal airvay acts as the resistance. Finall, using
cither of the abore imposed resitances, the more imv-

ocsophageal and intragastric pressures may be meas-
ured to obtain transdiaphragmatic pressure, which is the
best assessment of diaphragm force generation.
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Chapter

7 The pulmonary circulation

KEY POINTS

= Pulmonary blood flow approximates to cardiac
output and can Increase severalfold with little

change in pulmonary arterial pressure.

Passive distension and recruitment of closed

pulmonary capillaries, particulaly in the upper

® Active control of pulmonary vascular resistance.

the systemic circulation. It therefore varies from sbout
Glmin under

resting conditions to as

ulsr resistance are much less than those
temic circul nely the

tion has only limited ability to control the regional
distebuti

vascular resistance and involves intrinsic

ponses in vascular smooth muscle,
modulated by numerous neural and humoral
ctors.

Hypoxic pulmonary vasoconstiction
‘pulmonary arterioles isa el I‘Mfelenm
temic circulation, though the
R i

uncertain.

Evolution first led to the development of a separate
pulmonary circulation in amphibians, though in this casc:
both systemic and pulmonary circulations are supplied
le ventricle and there is therefore a great deal
of mixing of blood between the two. The accurrence
of warm-blooded snimals led to 3 tenfold increase in
oxygen requirements, which may only be achieved
hrough having 2 pulmonay cirulaion almost com-
pletel separate from the systemic circulation.

The entire blood volume passes through the Tungs
during each circulation. This is an ideal arrangement for
g2 exchange but is equally suitable for the fiering and
metablic functions of the fungs, which are considered
in Chapter 12.

PULMONARY BLOOD FLOW.

The flow of bload throush the pulmonary circulation is
approximately cqusl o the flow through the whole of

92

fusion of the
tribution of the pulmonry blaod fow has imporant
comsequences for gascous exchange, and these are con-
sidered in Chapter .
fact, the relatonship between the nflow and
cutflow of the pulmonsry circulation is much more
compliated (P .1) Th ngs ecie s sgrificant
blood from the bronchial anteris, which
e P ke ot e R et
bronchial circulation returns to the heart n two ways.
From 2 plexus sround the hilum, blood from the pleuro-
hilar part of the bronchial circulation. returns to the
superior vena cava via the azygos veins and this fraction
may hus be e 35 nomal syt fow, it
aring rom or resin 0 th plmonary iclon
e e e (muhuon,
et o peipheslyn the hng, pae h
postcapilary anastomoses to join the pulmonary vcins,
Eoasituingom st ofvenous Wood wthth ai:
vilised blood from the alveolar copillary networks
The situation may be further complcated by blood
through  precapilary
bronchial arteries o the pulmons
munications (so-called ‘sperr arteries’) have muscular
‘walsand are though t0 ¢t 15 suice otes, opening when

s through

. artery scenosis, pulmonary
emolism) blond from the bronchil reres will o
through the anastomoses o supplement pulmonary arte-



o 1tabd e ot ot Bllock- Ty sy
operation the same purpose for palliation of
B ah conat o Covgeatn et e

PULMONARY BLOOD VOLUME

Asa st approximation the rght heart pumps blood i
the pulmonary circulaion while the left heart pumps
s e Houd tha resaras o the Tungs. Therefore,
provided that the output of the two sides s the same, the

changes in pulmonary blood volume
if they are maintained for more than o few beats.

Factors influencing pulmonary blood volume.

st Comg :m it 5 e e i
scs the plmonary blood volume by slmost ore-

Sl whsch s shont e sk the

change in cardiac output. Both d

pooling of blood in dependent parts of the systermic

circulation.

Figure 7.1 Schema of bronchopulmonary

anastomeses and other forms of venous
a normal subject. Partofthe
bronchia circulation returms venous boo 1o

fromthis diagram why the output of the eft
heart must b sighty greater than that of the
fight heart.

2 G, The gt of the reuling volume dif
will
Floc veharme and scivit ofthe mumirous humoraland
nervous mechanisms controlling pulmonary vascular
tone at the time [see below). Cooversely, it seems likely
¥ blood volume would be diminished
tone is diminished, as for example fol

resistance i decreased with no effect on the autonomic

supply to the pulionary vasculature.
Left heartfailure. Pulmanary venous hypertension (duc,
for example, to mitral stenosis) would be expected 9
demonstration of any sgnificant change.

PULMONARY VASCULAR PRESSURES

Pulmonary arterial sbout one-sixth of
sy anerl presmrs, lthough the copllay snd

7.2). There is thus only  small pres-
sure drop along the pulmonary arterioles and therefore

Systemic vascular tone. Because the systemic circulation
has much

cirelation; an oveall increas in vascular tone willtend
to squeeze blood from the systemic into the pulmonary
circulition This may reul from the adminisraion of

T
flow. T why
s ik domping € e aneml pressure wave and
the pulimonary capillry blood flow is markedly pulsatie
Consdraionofplmeary vsclr presires e

i the selection of

vasoconstrictor drugs, from release of
cholamines or from passive compression (oo

S Syt presires e customaly sstasr R



o i
e e
influence on the intravascular pressure and should be
taken into account. Second, the driving pressure through
the pulmonary circulation may be markedly influenced
by the pulmonary venous pressure, which must be taken
into account when measuring pulmonary vascular resist-
ance. We must therefore distinguish betiveen pressures

within the pulmonary circulation expressed in the three
different forms listed below. Measuremens techniques
may be adapted to indicate thes
(Figure 7.3).

pressures. directly

Intravascular pressure is the pressure at any point in the
circulaton reltie to atmasphere. This is the customary
way of expressing pressures in the systemsic circulation
and is also the commonest method of indicating pul-
‘monary vascular pressures.

Transmural pressure is the difference in pressure
betwee the isde of 8 vesc and the e mround:
ing the vessel. [ the case of the lger pulmonar
s otk S A e et
y messured as the ocsophageal pressure, as
This method should be used to
exclsde the physical effect of major changes in intratho-

the difference in pressure between

Figure 7.2 Comparson of typical mean pressure gradients
along the systemic and pulmonary circulatons. (Mean pressures
rlatve o atmosphere)

Loft

Pumonsry

Driving pressire

)

in Figure 7.3).
ity cri0
£ facic pressure.
0
[T
T stream. The dri

et ur(uhuon and anather point down-
g

pulmonary artery and left atrium. This is the pressurc
that overcomes the flow resistance and should be
for determination of vascular resistance.

Figure 7.3 Normal valuesforpressures i the puimonary
circulation elative to atmessheri (cmH,O). Systolc and
iastoic prssures are shown fo th righ
pulmonary trunk.and mean pressures elsewier

st s oo e
¢ manometers are shown
omeced oindcae i pressre  raastar
pressure and transmural




__

These differences are far from being solé

academic.

Pl

PULMONARY VASCULAR RESISTANCE

Forexample,
positive-pressure ventilation wil increase the pulmonary
bt will aso s
ncrease pulmonary v
therefore drving pressure (and therefore flow) remains
unchanged. Similarly,if the primary problem is a aised
e st prse, o wil bk’ ot el
monary circulation and pulmonary arteral intrax:
e Vil o b v e i sl
b Inrtased, Therefoe, for aiesing. pul
monsry blood flow (and so resistance), driving pressure
is the correct measurcment, but this requires pulmonary
venous (lcft atrisl) pressure to be recorded, which i
diffcult o achieve contimuously (page 105). Pulmonary

monary circulation are shown in Figure 7.3. The effect
ity on the pulmonary vascular pressure may be

alar pressures and the transmural pressure gra-
feotsare ighest
Effect of Intraalveolar pressure

Alteration of _intraslveolar pressure causeschanges
in intrathoracic. pressure. according 1o the following
reltionship:

Intrathoracic pressure =

alveolar pressure - alveolas teansmural press

Alveolar ransmurs]pressae is 3 function of lang volume
(see Figure 3.7), and when the lungs are passively
inflated the intrathoracic pressure will normally increase
by rather less than hall dhe inflacion
increase will b even less if the lungs are stff, and thus
alow compliance protects the circulation from inflstion
presure pge 436) Intravescul presmes I
increased. dircctly and inscantancously by the effects
of changes in mm:»mmm presure, and this xplios
e during a

pressure. The
s are normally

the initial rise in systemic asterial pressu
ok b ssine o 434) It sl xplata the
cyclical changes in pulmonary arterial pressure during
spontancous respiration, with pressures grester during
expiration than during inspiration. Such changes would
not be seen if transmural pressure were measured (sec

of an

the secondary decline in systemic pressure seen in the
Valsalva menoeusre,

Vascular resistance s an expression of the selationship
between driving presure and flow, 35 in

resistance to gas flow It may be expressed in similar
terms as follows:

the case of

Pulmonay vascular ress

‘ulmonary driving pressure.
i output

Thee are, hovvever, mporcant caveats and the concept
of pulmonary vasculr resistance is not 2 simple paralll
to Ohms law, appropriate o laminar fow (page 40).
When gases flow through rsid twbes the flow is aminar
or turbulent, or 3 mixture of the two. In the first case,
pressure increases i direct proportion 1o flow rate and
the resistance remains constant (Poiseuill’s law). In the
sccond case pressure increases according to the sguare
of the flow rate and the resistance increases with flow
When the type of flos s mixed, the pressure rises in
proportion ta the flow rae raised to 2 pover between
one and two.

« circumstances are two stages more complicaied in
the case of blood. First, the tubes through which the
blood flows are mot rigid but tend to expand as flow 55
incressed, parcicularly in the pulmonary circulation with

with the shear rote, which is a function of its linear
velcity

Vascular resistance in the lung. Although the relstionship
flow snd pressure in blood vessels i
simple linearity, there is prea
i e e
d in s form of the equation above, This &
decly naogos 1o el resisanee, though
there were laminar flow of 3 newtonian fluid though rigid
e L2 e imprachalin the
pulmonary deiving pressure
of cardiac output to determine the
true nature of their relationship.

Nascular resistance is expressed in units derived from
those used for expression of pressure and flow rate.
Usig comentionl unis, vscular sesitance is wsully

m it of dynes/s




i il protably be P minte. ol vles for
R e e e

ety
Driving Pubonary Pubnonary
pressure blood flow i

Stumts  12kbs Stmnt 031kba

Convetional 9 mmHs Simint 1S mndigh i

Absolute 12000 dynco® Semis’ 144 dynscon®

Localisation of the pulmnary vascular resistance. Tn the
systemic circulation the greatest part of resistance is in
the antrioles, along which the pressure falls from a mean
walue of sbout 12 kPs (90 memig) down to about 4 kPa
(30 mmHg) (see Figure 7.2). This pressure drop largely
obliterates the pulse pressure wave and the systemic
apilary flow is ot pulsils i ny grs xtens. o the
pulmonary circulation, the pressure drop alon the arte-
B i S)'Sltml( il
onary

sndveins. Pulmorary. arteries and arterioles, with
muscolar vessel valls, are mosly extrashveolar and
ol in actve control of pulionary vasculr resist-

ance by mechanisms such as nervous, humoralor gaseous
contal. Inconas,pulmonary apfaics e el
associated with the alveolus (see Figure 2
B ek Gy il by
alvcolae pressuce and volume. Thus in the pulmonary
circulation, vessls without the poswer of active s
Consriction play » majr ol in gaverning total vascular
and the distribution of the pulmenary blood

7), so resist-

Bow

PASSIVE CHANGES IN PULMONARY
VASCULAR RESISTANCE

Effect of pulmonary blood flow (cardiac output)

“The pulmonary circulation can adapt to large changes in
cardiac output with only small increases in pulmonary
arterial pressure. Thus pulmanary vascular resistance
must decrease as flow increases. Reduced resistance
impliesan increase i the total cross-sectional aea of the
pulmonary vascular bed, and parcicularly the capillres
ese adaptations to_increased. flow oceur partly b
passive distension of vessels and partly by recruitment
of ool e e o
Gant fact

Recruitment of previously unperfused pulmonary vessels
occurs in response to increased pulmonary flow. This is
‘particularly truc of the capillary bed, which is devoid of

any vasomotor control, so allowing the openin of new
passages in the network of capillres ying in the alveo-
lar septa, and is most likely to oceur in the upper par

Studies using collidl o partices n the ceculion
« there i perfusion in al pulmonary cap-

of capillaris in zone 17 1t the
increased alveolar pressure (e 5. during positive-pressure
ventlaio). unpeifsed. cpllaies are aalable for
recruitment but that under normal circumstances, with
capillasies.

contain only plasma (‘plasma skimming’) or even blood
flow from the branchial circulation.”

Distension in the cnire pulmonary vasculature occurs in
response to increased transmural pressure gradient and
s again mose likely to oceur in capillaries devoid of mus-
cular conteol. In one study, capillary diameter increased
oo F i 2 2 el e ]
0 25 cm0).1 As described

w scems likely that copil-
[aics v, colgae complaey sl therefore pesive
discension is clarly the more important zdaptatio
increased flow

Astriking example of the abilty of the pulmonary vas-
culature to adapt to changing flow occurs after preu-
moncetomy, when the remaining lun will normally take

the entire resting pulmonary blood flow without a rise

oyl skl e e o e

most imporsant pathol
islfuto it shuntiog ek 4 ptbuseeia e
vugh atrial or ventricular septal defects. Under

changes in pulmonary vessels commonly result in an



Pulmonaryvascua ressance.

Figure 2.7) snd supported from callapse orly by the
pressure in the capillary and flimsy septal fibrous tissue.
Expansion of the alveolus will therefore compress these
i e contribution to pulmonary

£

et ol et B il
be directly related to fung volum

Corner capilaries e within the junction between three

or more alveoli and ofore. sanduwiched

believed to form ‘pleats’ during

Lung ol
Figure 74 Relationship betvween pulmonary vasculr resstance
x The sofd e represents toral PVR and
fsminimal at the functionsl residual capecity (FRC).

Compresson of alveolar capilaries dashed line s responsivle
forthe increased PVA as lang volume approaches totallung

it e Tongidimaly (sther thar expanded

) and so have litle effect on
S oot v hEty Yo, Mo el ta i
area are generally uninfluenced by alveolar pressure but
lun volume and constrict at very
. possibly secondary to local hypoxia
surrounding the collapsed alveol:.

provide 2n addicons] explaraion
mall

coplaies (dottc lne) or extraalvlar vssels,or hyponia-
induced vasoconstition in collapsed lung unis. It should be
noted that this graph i derved from studies maily nvoling
isoated animal lungs and may not be applicable {0 the intact
subect

fnesse i vsscular esisance, casig an euir and
more sexere rise in pulmonary arterial press

Effect of lung inflation

Reference has becn made above to the effect ofalveolar

ot
transmual pressure (see Figare 7.3). This is important
infltion of the lungs normally influences the
pressure in the cesophags, pulmonary artery and left
atrium and so can casily conceal the true effect on vas-
cular resistance
When pulmonary vascular resistance is correctly cal-
cuated from cho drving presre, thre s esongble
sgreement tht the pulmonary vascular resistance
sl ot FRC:and that. e ol Vot n
n cause a small increase in_ resistance,
ki ) g hioer Bl £ 0 These
plined by considering pulmonary
i e belongivg ao hree e groupes

Aiveolar capilaries sre sandwiched berween two adja-
centalveolss walls, usuly bulging into one alveolus (see

mn; volumes. Compressicn s ey el
at Jow fung volumes may ced flow in
dependent parts of the lung (psge 114) and this islikely
to contribute 10 the averall change in pulmonary vascu-
lar resistance.

The anatomical diffesence becween these capillaies is
undoubted, wheress the effect of the anatomical fea

studics in the open-chasted or isolated preparation, and
the relevance of these to the intact human is 35 yet
uncertain,

Effect of gravity on alveolar and vascular pressures

The vasclar wef. The ncrplay of shealer prssrs,
How rate and vaseular resista st considere
iiling the Jun e 1 teee zomen 1 Figure 7.5
behasiour as a Starling resistor and slso ss the
anslogy of a weir. A Starling, or threshold, resistor can
be visuslised as  lengeh of compressible tubing within a
rigid chamber, such that flow occurs only when the
upstream pressire (lft gauges in Figure 7.5) exceeds the
pressure within the chamber (middle gauges), and a
reduction in the downstream pressure (right gauges)
canno initiate flow. In zone 1 of Figure 7.5, the pressuze
sitin the artrial end of the collpsble vesels s les

g oply i ot et o8t g




et O

Comparabe behaviour

taring esitor

In the mid-zone of the lungs (zone 2 of Figure 7.5),
i e o e o 6t Collpall Vel
exceeds the alveolar pressure and, under these condi-
tions, @ collapsble vessel, behaving like a Starling resis-

Resistance in the Starling resistor is
point marked with the arrow in Figure 7.5
thediffereocebetwesnatriol an e resre the
e G R e

greater will be the f

ding o alveolar pressure. Flow depends solely on the dif-
ference in height becw
the top of the weir. The depth of water belows the weir

che upstream water level and

ure) canno influence the flow
the height of

(analogous to venous press
of water aver the weir unles it rises bove
the weir.

In the Tower zone of the lungs (z0ne 3 of Figure 7.5)
the pressure in the venous end of the capillris is sbove
theasolrpressure,and undes these codiions a cl-
Je vessel behaving like 2 Starling resistor vill be
held wide apen and the flow rate vil, s a frst approx-
imation, be governed by the arterial-venaus pressure dif-
ference (the driving pressure) in the rormal manner for
tion. However, as the intravascular
sure incrases i relton o e el presur the
Eolhpable voael il bt orthe diende md thet
resistance will be coreespondingly reduced. Returning to
the analogy of the weir, the situation s now one in which
the downstream water level has risen until the weir is

8

m« systemic cireuls

Figure 7.5 The ffect of graviy on pulmanary
vascular resistance s shown by comparison wih a
Staling resistor (et and wih a wei (rght). P2,
puimanary artery presure; P, alvedlr pressur

s pressur (al pressures
felative to atmosphere) See textfor full
discusson.

ance it offers to water flow is diminished sill furcher.

ACTIVE CONTROL OF PULMONARY
VASCULAR RESISTANCE

I addition to the passive mechanisms described, pul-
monary blood vessels are also able to control vascular
resistance by active vasoconsriction and. vasodi

and there is now evidence that the pulmonary vascula-
ture is normally kep i 2 state of active vsodilation.'>

Cellular mechanisms controling

pulmonary vascular tone'®’

There are many mechanisms by which pulmonary vas-
‘e controlled (Table 7.1), but the role of
many of these in the human lun is uncertain. Some of
the receptor-agonist systems in Table 7.1 have only been
demonstrated in vitro using animal tissue, but may even-

Activity of some, t
8l el e 4 e pednd
on the endotheliallining of the pulmonary blood ves

It seems likely that many basic control e
s Wi e sonth musleiesly whires the
endothelium acts 25 a modulator of the response. Some
control mechanisms, such tonomic. nervous
system and. hypoxic pulmonary vasoconstriction, have



Noradrenaline s o

@ Noradrenaline  Dilation ves

Adrenaline Dilation ves

Cholinergic M, Acetyicholine _ Diation ves
Amines H, Histamine. Variable ves

H, Histamine. iation o
[ I o S Varinie T Bharhe
Purines P A Constiction o,

Py arp Dilation ves

A Adenosine Constrction o

A Adenosine iation o
Ecomnoids TP Thromboxane A  Constiction  no

2 Prostacyclin (°Gl) _ Diation 2
Pepiides NK SubstanceP. Dilation yes

NK  NewokininA  Constiction o

7 i et variable

AT Anglotensin Constrction o,

AP AN Dilsion o

5 Bradylinin Dilti ves

T, Endothein Constiction o,

€l Endothelin ation ves

7 Adrenomedulin  Diation 7

v, pressi i ves

16and 17.5HT,
peptide.
cxensivly mestgied i hamans snd e stances Beagoniss, mosly activae sdem] oyl o

described separately below:.

Receptors. Enclothelial and smooth muscle cells of the
pulmonsry vascuature cach have numerous receptor
s e sgnists Forshse recepons may gt
from nerve endings (.8 holne, noradrenaline),
LR Em R et
blood (.. peptides). In addicion, many similar or

ticsl compounds produce opposing effects by their

control of pulmonary vascular smooth muscl.

Second messengers. Pulmonary vasodilators tht act
directly on the smooth muscle, such ss prostaglanding,
vasaacive insestinal peptide, and under some circum.

produce cyclic aden rophosphate (cAMP)
" second mcsscmgen n utn, CAMP causes 8 st of
intescelular activiies via actvation of protein
enzymes that redce bosh the phosphorylation of myosin
and intrscelulr caleium level to bring about reaxation
of the muscle cell.”
Receptors that cause contraction of pulmonary vascs-
lar smooth muscle sre usually G-protein_coupled

Kinase

Eiwias ol dne iy sy
produce contraction

Role of the endothelium and nitic oxide.**" Furchgors
din 1980 were the firs o demonstrate that
Ch-

4 Zavads
endothelsl cels e requied fo setylcholin (A
induced relasation in isolated sortic issue™ The mes
Senger pesing beteeenthe <pdotlam; o neth



muscle cells was termed endothelium-derived relaxing
factor (EDRF) the major part of which was subse-
quently shown to be nitric oxide (NO) Many pul-
monary vasodilator mechanisms have been shown 0 be
endothelium dependent (sce Table 7.1), and it seems
likely that NO
relaxation of vascula
o sl Nitric sxide s mot the oy form of EDR,

B

from the
producing substeates such as pyrva

comerion of amino acids into cnergy
and provides

Sl e e

(via NO). The biolosical

‘mechanism
into relatively harmless nitrates

constiutive and. inducble. Inducible NO synthase

(iNOS) is produced in ma Iy in response

%o sctivation by inflammatory mediators and other
i e 4

sy shein 8 o e
fact

fctor
{EDHR)** The chemial nature of EDHF remains
uncertain; current candidates include a metabolite of
arachidonic acid,  cannabinoid or @ simple change in
extracellular potassium concentration. S0 fr, EDHF has
only been investigated in the wre and.
thee s ey a0 cidence for s xistence i the
pult

systemic vasculat

Nk a\lde mm.m O pruces NO b che con-
version of L-a eline, via o highly ractive
s et (oo 10)
involved i both stages and requires many cofactors,
including calmodulin and NADPH and probably other

enters the urea cycle and is convert

o

1 H
tenydroarginine

oy

Nt

Figure 7.6 Biochemical production o it oxide (NO). Niic
oxide synthase (NOS) acts as a catalyst for a o-stage reaction
o convert rginine Lo citruline. Oxygen is requ

stages and NADPH, calmodulin and flavine aderine

of NO for long periods. Constitutive NO synthase

(NOS) is permanently present in som

usual source of altered calcium levels and cNOS
activation.
“The mechanism by which receptor sctivation leads to

cstosolic calcium levels and the activity of enzymes con-
trolling myosin sctviy.

EG
Guanyiteclase

RGP —w G
feskium

selaton

Citnline.

Figure 77 consitive

converted back nto arginine.

See tox or detas.



Figure 7.8 Pulmonary vasoconsticion (ordinate)as
0 o ot et o B o it
The br

Percentage of rasimal pressovesponie.

wecla P, 63)

There is now good evidence that basal production of
NO occurs in normal human lungs and contributes to
the maintenance of low pulmonary vascular resistance.
Both of these studies have used N“-monomethylL-
arginine (L-NMMA), 2 NOS i o demonstrate
educed global or regional pulmonary blood flow.

Hypoxic pulmanary vasoconstriction

vasoconstriction oceurs in response to hypoia,
pulmonary blood vessels are disp
ol difference from all systemic vessels. Hy

5 deduccd Tom Flwre 7.0 by noting the prasie
response for different values of the isobaric PO (the
broken line), and i will be seen that the general shape
of the response curve resembles an oxyhacmoslobin dis-

socition curve with 2 Py of zbout 4 kPa (30 mamFle),
P e
mixed venous blood may be consicered as acting ot a
single pont s il POy Fllows

Plssimulusto, = P, x Pro,

line shows the response when the aveolar and mixed
nous PO, are dentical Data from eference 30)

In addition to the effect of mixed venous and alveolar
P, the bronchil arterial PO influnces tone in the
larger pulmonary arteries via the vass vasorum.

Regional hyporic prlmonary vasoconstriction is bene-
ficial a3 2 means of diverting the pulmonary blood flow
away from regions in which the oxy
and is an important factor in the
ventilation/pe
also important in the foetus to minimise perfus
the unventilsted lung, However, overall chrori
mittent hypoxic pulmonary vasoconstriction results in
pulmonary hypertension and dhis response is disadvan-

ina range of clinical onditions (sce Chapter 20).

perfusion of the lobe, such that after 5 minutes regional
blood flow s half that during normaxia.™ I vitro and

ies have shown that with prolonged hypoxia

baseline levels of vascular activity. A second phase then



develops involsing 2 slow and sustained vasoconsriction
that reaches 3 plateau sfter 40 minutes.

Mechanism of PV Neusal connections to the lung
PV occurs in ol hung prepa:

oxygen sensorsthat may Full his ol incude the p-
subunit of the Ky channel itself," reactive oxyien
species from the mitochondria (page 353) or intra-
cellular ATP concentation. Whesher or not these
direct ion cha are sufficient
to prodace HPY in o i ncls but it doss show

hanisms alone

sse of a vasoconstrictor
although almost
allthe vasacanstrictor substances lsted in Table 7.1 have
at some time been implicated, but with o subscquent
With systemic arterial hypoxacrmio some.

becn Kamperad by spatis iffesences,the e of

systems affecting pulmonary vascular tone and s lack of
appreciation of the biphasic nature of the response.
There remain many hypotheses on the cellular mech:

Proposcd mechanisms include the followin.
+ Hypoxia may inhibit endothelial NO production and
s0 indiuce vasoconstriction. This assumes a hgh level
of normal NO production and although basal NO pro-
dction docs occur, its nhibition canrot 2lone explain
Results of studis of NO and HPV are contra-
dictory™ and it is lkely that NO is involved in mod-
ulstion of HPV rather than being the underlying
mecharism. Futhemare, i s ben sggsted tht
o onsic fo pposing HFY to main-

by hypoxia,
he effects of vasodilstor prod-
wcts such as prostacyclin (PGL), but again there are
comadictory sudis implying tht i pths s

is probably involved in the second slow phase of HPV

and i likely to be impotant n the development of
pulmonary hyperteasion with chronic hypoxia.

D cmindeg it e possibiity of 2
direct_effect y pulmonar
sl ety oo s ek
systemic ones, have voltage-gated potassium channels
(Kv) which under hypoxic conditions alter the mem-
brane potential of the smooth muscle cell and so allow
solsge-gated calcum channels to open and produce
contraction. "4 It remains uncleas whether hypoxia
has a direct cffect on Ky channels or whether an as
yet unidentified oxyzen sensor is requited. Potential

ypoxia on vascular

the origin of oul-
‘monary and systemic blood vessels.

Hypoxic pulmonary vasoconstriction is therefore almost

certainly multfactoriol od likely 1o result from

 combination of direct effects hwm on smooth

muscle modulated by endothelium-dependent factors.

in origin

Other factors influencing pulmonary
vascular resistance.

iypercapnia and acidosis. Elevated PCO; has a slight
pressar effect. For example, hypoentilation of one lobe
of a dog’s hung reduces perfusion of that lobe, although
its ventilation/perfusion ratio is stil reduced. * Both res-
piratory and metabolic acidosis sugment HPV.™

Hypocapnia and alkalosis. Alkalosis, whether respiratory
o metabolic in origin, cases pulmonary vasodilation’®
and reduces® or exen abolishes"” HPV.

Neural control

There are three systems invalved in autonoric control
of the pulmonary circulation, """ which are similar to
those controlling airway tone (pase 46)

stion,

Adrenergic sympthetic nerves originate from the first
five thoracic nerves and travel to the pulmonary vessels

via the cervical ganglia and a plexus of nerves around the

i aollitor s e uuul:ung

adrensline. Finally, pulmonary blood vessels contain

NO production (see Figure
predominate and sympathetic stimulation incresses pul-
‘monary vascular resistance. fluence of the sym-
patheic system is

circulation and seem: e
cesting conditions. There s no obvious disadvantage
in this respect in patients with lung transplant (see
Chaper 33).



yscem teavel

Cholinergic nerves of

in the vagus nerve and cause pulmonary vasodiation

and in the absence of endothelium ACh is a vasacon-

ot
o H, stmulation on smooth muscle cells, whereas relax-
ation oceurs cithe via H, receptors on endothelium (NO
dependent) or H. receptors on smooch muscle cells. S-
hycroxytryptamine (serotonin) i iberated from acti-
vated pltelets and is 2 potent vasoconstritor. It may

involved in wembal

stictor humans
isfess clear than that of adrenergic systems. Infusion of

tologically around human pulmonary vessels.

Non-adrenergic, non-cholinergic (NANCI* nerves are
closely relsted anatomically to the other autonomic
fsms but with differens neurotransmitters, and
are similar to the NANC nerves controlling airway
smooth muscle (page 46). In the fung, most NANC
causing vasodilation via release
biy in conjuncti peptides (see
e e
s unknown.

on with

z
o}

Humoral control

Pulmonary vascular endotheliom is involved in the

(poee 395

Peptides. Numerous peptides that are vasoactive in the
pulmonsry circulation are shown in Table 7.1 Re

again diverse, many systems producing vasodilation
via endothelium receptors and vasoconstriction via direct
effects on smaoth muscle fe.g. substance P and neuro-
Kinin ).

Purine nucleosides sch a5 adenosine and ATP arc highly

amant of tone i the polm
i pibaoHi sl s g™

DRUG EFFECTS ON THE
PULMONARY CIRCULATION

e dh ol pulmonary el s ocurs
el as a primary disease but commonty desel

meabolism of m  Chapter
12), some of which cause changes i vascular tone (sce
“ible 7.1). Which of these are inolved in the cortrol of
sormal pulmanary vascula resistance is wnclear and it i
it possible that very fessare, but some are undouts-
el nvolvedin pulmorary vasculr disease (see Chapter

Gatecholarmines. Circulating adeenaline following sym-
pathetic stimulation acts on both «- and Preceptors
and resuls in a predominantly vasoconstrictor response
Exogenous sdrenaline and related inotrapes. such 35
dopamine have a simila effect.

Eicosanoids. Arschidonic acid metabolism via  the

cyclooxygenase pathway (to prostaglandins and throm-
bovane) and lipoxygenase pathway (to leukotrienes) has

Anachidonic acid

allessoconstrictors, whereas PG (prostacyclin) isusually
avasadilator. These pathyways ere believed to be insolved
in pathological palmonary hypertension resuling from
sepsis, reperfusion injury or congenital heart disease.

imines. Histammine. relaxes pulmonary vascular smooth
muscle during adrenaline-induced constiiction but con-

roma variety
of lung diseases (sce Chapter 29). Pulmonary hyperten-
sion often leads to right-sided heart il
T oiis L e it
in porens with resitry diase Consid
wide range of receptor-agonist systems pr
oy sscuinire (e bl 71) s speingtht
there are flnw effective drugs available. One reason for
chis i the non-
found in the pulmonary vasculature, such thit drugs
acting on these receptors have widespread effects else-
where in the bod that make therm therapeutically unac-
ceptable. Another problem with pulmonary vasodilators
in respirazory discase s tht abolishing HPV remoses the
bods’s main mechanisms for compensating f
piston unction.Fr exsmple ifediine adintered
subling paticnts with severe airwvays disease
ot & sl edcaon 1 bty byperten-
sion, bu this is associated with a worsening of arte
v sia s el g b
delivering drugs by inhalation has
e o D 4 it et st o
systeric circulation

g

poor res-

Inhaled drugs

Nitric oxide. Iahaled NO (iNO) in patients with severe
lung disease s  selecti
the systemic circulation being unaffected owing 1o its

wlmonary vasodilator, with



raid iacivation by haemogloin (page 160). Nicc
oxide therefore inrcases blood flow to well-ventited
b e o
poory vendlated aeas thereby decressing ventila

= it may aenuate lung

Inhaled NO in the presence of oxygen is rapidly oxi-
dised to NO;, the rate of oxidation being directly related

pneumonitis and pulm:
the proictionof NO, both the concentason o oxygen

d NO, and the two, should
e guidelines for the safe use of
iNO have been published.* Some of the beneficial
e SF NG ay b Shorc e ot gl it
tinuation of INO

the contact time between

pressu
ey o Des
oups

therapeutic INO does seer to produce improved cln.
cal outcomes.*

Prostacyclin Intravenous prostacyclin (PGL) has been
used for many years in critically illpatients to reduce PA
pressure, but ts lack of selectivity for the pulmonary vas-
culature causes significant adverse effects. When deliv-
ered by inhalation, metabolism of PGI by the lung is
negligible, so systemic absorption occurs. However, the

quired by inhalation is very small, so despite its
systemic absorption clinically significant adverse efiects
are minimal. Ce th iNO, inhaled PG, has the
advantage of not producing toxic metaboltes and carly
clinical studies are encouraging.”

Systemic drugs™

Angiotensin-converting enzyme inhibitors seduce pul-

. These drugs
pulmonary vascular remodeling, a pathalogical process
that occurs with long-term hypoia and nvolving smooth
muscle call prolferation and a loss of clasticity in

pulmonary blood vesscls. Losartan, an angiotensin 11
feceptor antagonist, reduces pulmonary artery pressure

Phosphodiesterase inhibitors such as amrinone and mil-
sinone can inhibit the breakdown of both cAMP and

relaxation from a varity of pathvays (see above]. These
dinugs have been used to reduce pulmonary hypertension
by both the intravenous and the inhaled routes.

Caum antagoits such o nifedipine reduce secondry
se-deper

nceded to rediuce pulmonary hypertension, the negative
inotropic effects of calcium antagonists become signifi-
cant and right heart failure caused by the pulmonary
hypertension can deteriorat.

Endothelinreceptor antagonists arc 3 new class of drugs
ha compeiiely amogonise both T ad ETs e
tors, thosgh in the clinealstuation ET,
S e e
been implicated in vascular remdelling of pulmonary
vessels with chronic hypoxi, so these drugs may slow
i process. esclective oral endothelin
antagonist, bas ot yet been studied in patients with pul-
ertension sccondary to resprstory discase,
eft in paticnts with primary
puimonary ypertension (puge 396) Sitsscntan is
recently inteoduced_endothelin_ antagonis: which is
Highly specifc for ET, receptors and so may prove par-
Sicularly uscfl for weating pulmonary hypertension.

PRINCIPLES OF MEASUREMENT OF THE
PULMONARY CIRCULATION

Detailed consideration of haemodynamic messurement
techniques lics outside the scope of this book, The
following section prescnts only the broad principles of
measurement such 35 may be required i relation o
respiratory physiology

Pulmonary blood volume
Available methods are based on the technique sed for
measurement of cardiac output by dye dilution (see
below). The flow rate so obtained is muluplied by the
interval betwween the time of injection of the dye and its

tme at the sompling point. This product
indicates the amount of blood lying becween inection
and sampling sites and the volume result obtained there-
foredepe much on exactly where sampling
occurs. Total pulmonary blood volume may be measured

s very

on tothe
paticnt's oxygen saturation.

y sampling
pulmonary vein (or leftatrium). Typical volues are of the



el

order of 0.5-1.0 1 or 10-20% of total blood volume in
an adlt.

Tible 2.2 shows the anatomical distribution of the pul-
monary blood volume within the pulmonary arterial tree,
hich fasa volume f the orde of 150 . Pulmonar.
capillary volume may be calculated from measurement
i s Copter ) s o i
ke 80 . The pimonsry veins
crcfore contain over half of the pulmonary bl
s e et
the pulmonary arterics.

Pulmonary vascular pressures

Pressure messurements within the pulmonary circula-
made with electeonic pressure

h measure presure in 4 column of
B incontiniy with 2 b veselcompord i
. IFthe system s to have the abilty

e 15 apid change of presin, ek 1 2 pul.
satile artery, damping must be ‘ritcal, that i, reduced
02 mininn 0 remave noise from the sigaal
without averdamping and losing the pesks and troughs
of the pressure wave. This requires the total exclusion

um required

of bubbles of sir from the manometer and connecting
tubing, and the intravascular cannula must be unob.
her

troughs of this trace and the mean pressure is derived
electronically

Figure 7.3 shows the sites at which pressure must be
measured to abtain the various forms of pulmonary
'gc 94). Driving pressure, the most
useful of these, requires measurement of pulmonary
arteril and pulmonary venous (left atril) pressures.

Pulmonary arterial pressure may be measured using a
balloon flotation catheter. Following insertion into the

PAOY

Principles of measurement f the pulmonary circulation

sight atrium via a centralvein,  balloon of < ml volume

s inflated to encourage the catheter tip to follow the

Bl of o rough e ight venricle nd oy
Figure 7.9). The

Dr Swan watched sailboats being propelled by the wind
9674

Left atralpressure represents pulmonary verous pres-
sure and i measured in humans by one of three posi-
bl techniques, of which ony the firs is commonly used
in clnical practice.

« Pulmonary artery occlusion pressure  (PAOP).
Occlusion pressures are obtained by advancing the

Swan-Ganz catheter into a branch of the pulmonary

e catheer and the e atcarn, and th

il i v e
« A lefe il \m.m may be sited doring cardisc
assed.theough the chest wwall for use

« A catheter may be passed retrogradely from a periph-
eral systemic artery.

Pulmonary blood flow

The method used for measurement of pulmonary blood
o il whesher oot he el inldeswenovs
dmixture, such 25 the by irclton nd e
Py, s o B Fee 71, Tl
minimal relevance in

bl e b e
methods include it

ntig)

T

ot
vertice

Parmonry

Pulmonary rery
occuson pressue

Figure 79
verclaton. '




The Fick principle states that the amount of oxyzen
extracted from the respired gases equals the amount
added to the blood which fows theough the lungs. Thus
the oxygen uptake of the subject must equal the product

¥ pulmonary blood flow and arteriosenous oxgen

content difference:

Q(Cao, ~Co)

therefore:

yien content of

described abose. Interpretation of the result s Tess casy
The caleulated value includes the intrapulmonary arterio-
venaus shunt, but the siwation is complicated besond
the possibilty of casy solution if there is appreciable
exapmonay admur of veous b (i e
cond major problem i hat spirometsy mes-
ars the todloxygen consumpion, ncludin tatofthe
lung. The Fick equation excludes the lurs (see Figu
11:2) b the difrrce is relgble with sy
ungs. There s evidence that the osygen consumpion of
e g iy b vy g (oo 157) e
fore the Fick meshod of cardinc outpat measurement
would apper to be inalid under such circumstances.

Methodsbased o ptake ofinert trocrgases, A -
fied Fick method of measurement of ca o
e loved W) ) g T i
s s inhaled cither concinually or for o single breath
and the end-tidal partal pressure of tracer gas i then
measured. Analysis of vokume and composition of
expired trscer gas permits messurement of gas upishe.
Since the duration of the procedure is short and does
ot permit recircultion, f may be assumed that the
mixed venous concentration of the racer gas i ero. The
Fick cquation then simplifies o the following

Cordinc output =
tracer gas uptake/arteial tracer gas concentration

The arerial tracer g2 concentration equals the product
of the arterial gas tension (assumed equal t0 the alveo-
lar [end-tdal] g2 tension) and the sofubiliy coefficient
blood. Thus areral blood sampling

ded, s0 the method i elaively non-inasive.

gases bave the following characteristics

They measure pulmnary capillary blood flow exclud-
ing any flow through shunss. This is in contrast to the
Fick and dye methods.

* The assumption that the tension of the tracer gas is

the same in end-expiratory gas and arterial blood
invalid in the presence of cither alveolar dead space

or shunt (sce Chapter 5}
. he tracer gis disolves in the tissues lning
the respiratory tract and i carried away by
perfusing these tissues. The indicated blood flow is
therefore greater than the acrusl pulmonary capilliry
blood flow.
The tracer gas used has varied over the years, with
nitrous oxide and acetylene being used carly in the 20th
century In the most recent version of the technique,
freon is the tracer gas used. In this case, argon (highly
insoluble gas) s sdded o the gas mixture to ensure com-
plee mixing of che fron vith avolr gas and o to
detect subjects with a lrge respiratory dead space (see
Chapter 8), in whom the method is invalid "

Dye or thermal dilution. Currently the most. popular
sechnique for measurement of cardiac output is by dye

Figure 7.10s
continuous non-circulating flow s, for example,of flids
theough  pipeline. The downstseam concentration of
dse is displayed on the y-axis of the graph against time
o the e, The s s infcted o v 1y and s et
deseed t the smplin i o e 1 The uppe
mast curve show

curve becomes 3 suraght lne (sce Figure E3). Between
times - and 1, the mean concentration of dye cquals the
amount of dye injected, divided by the volume of fluid
Tlowing past the sampling point doring the interval £ —
15, which s the product of the fid flow rate and the
time interval £ - 1, The equation may now be rearranged
o indicate the flow rate of the fuid as the following
expression

Amount of dye injected
Mean concentration of dye x time intersal &~y
The smount of dye injected is known and the denomi-
nator i the area under the cus
Figure 7.10b shows the more complicated situation
when fuid is flowing round a circuit. Under these con-
Stlons i oo of the v i 8 s s o
tal so that a recirculation peak appears on the graph
before the primary peak hzs decayed to insignificant

levels. This commonly occurs when cardiac output s



Samplng syt

o
& Nonciculaing low analer

g of conc ofdse. Conc.of dye

iaing flow

Sampiog_§

[
=

e
snaly

Concofdye

Log ofconc.of cy

rimary curve as it would hase been

il wash-out,which is usualy estb-
before the recirculation peak appears, This is
shown as the broken lines in the graphs
The calculation of cardiac output then proceeds as
descebed above for non-reciculating flow. This presi-
ously Isborious procedure is row performed clectroni-
clly s an integal part of the apparatus for measuring
cordiac autput
Many different indicators have been used for the dye
dilusion techrique, but currendly the most satisfactory
e ‘coolth’. A bolus of cold sline is njected
and the dip in temperature s recorded downstream with
the tempersture record corresponding to the dye curve.
No bload sampling is required and temperacure is
mesred il wih  Usrmometer mouried o
the cathter. The ‘coolth' s dispersed in the systeric
ialation s shrelore thre s 0 ecilation peak
o complicate the calculat al method is
ookl sutobs for repeated messaremmnts

2
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Chapter
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KEY POINTS
RIS ooyl o
perfusion are distributed preferentia
it oo i vy o
osture.

In healthy lungs ventilation and perfusion are.
closely matched, with it variation of the
venlnlanen ©pofision (V/Q) ratio n different.

Distribution of pulmonary
'ventilation and perfusion

10 one lung and perfusion to the other, there could be
o gas exchange, although total ventlstion and perfusion
suight each be narmal. This chapter begins by consider-

he spatial and temporal distribution of ventlation,
followed by similar treatment for the pulmonary circu”
ation. Disribution of ventilation and perfusion are then
considered in relation to one another. Finally the con
cepts of dead space and shunt are presented.

VENTILATION

i e

I and inspired gas

= Regions of lung with V/Q atio of O represent
intrapulmonary shunting of mixed venous
blood, whereas regions with V/Q atio of infinty
constitute the alveolar dead space.
Physiological dead space s the part of each tidal
volume that does not take partin gas exchange,
andis made up of alveolar and anatomical dead
space components.

The lung may be considered as a simple exchanger
with a gas inflow and outflow and 3 blood inflow and
outllow (Figure 8.1). There is neer.cquilibrium of
oxygen and carbon dioide tensions between the two
outllow sueams from the exchanger itslf. This theorct-
el assumes that gas flow in andl out of the alve-

ical mod

efficient, Such a system operates in the gill of fishes and
bringsthe PO o eeral bond dlsetothe Oy of the

i ey beoptmlF ventlacon and
perfusion are distributed in the same proportion to one
another throughout the lurg. Conversely, to take an

,ifvenilacion

Distribution between the two lungs in the normal
subject is influenced by posture and by the manner of
ventilation. By virtue of its larger size, the right lung nor-
mally enjoys a ventilation sightly greater than the left
lung in both the upright and the supine position (Table
81). In the ltenl postion, the lower lung s lvays

s of the tuwo lungs are not greatly altered on assum-
per lung tends

position. However, the upper

laceral posiion, regardless of the mode of
particularly with an open chest (see Tible S.1).
iution of ventilstion o horizontal slces of lung
ion of radiosc-

Distei
has been scudied for many years by inl
dive isotopes, this technique having the advantage of
being casily performed in 3 varicry of postures. In the
upright position, with slaw vital capacity inspirations,
uppermast slces of the lung have a ventilation of around
one-third tht of slces at the bases.* A slow inspiration
from functional residual capacity (FRC),

of.the g i reduced by
o U il e e

is much less. More modern tech-

110



nsphedgas s o

Figure 8.1 I this functionsl representation of as
‘exchange in the lungs, the flow of gas and blood s

a3 scorbnc posss S ok

==

e e o o s e

end-pulmonary capilay biood i mibed with shuntec

thase in aiveolar gas nd end-pulmonary capillary
Slood.

Arerialbloot

Anaesthetised - 118 103 132 171 079
% a5 5% 6% i,
Anaesthetsed - 136 133 221 229 112
artiical ventilation® 2% a4 s6%. 0% 0%
Anaesthetised - - -
thoracotomy* 8% 7%
refers o
separate subjects or patients.
nigues for quantifying regional ventilation include  rate is, however, much less than 1.5 L (approximately

postron emission tomography (PET) and magnetic res-
R1), both of which are only possible
i supine subjects. These techniques confrm earler ind-
ins e pormal il st nsh spin psiion
s n prfeential venition ofthe s scs
ol the lungs compared to the anterior s

At vnTaoneohthe

onance imaging (M

lation, with preferential veatilation of the pper parts of
the lungs, which is contrary to the distribution of pul-
monary blood flow (see below). Normal inspiracory flow

05157, s0 there will be a small vertical gradient of ven-
i g ol bl

O effect of gravity on ventlation secms 1o
be of minor mnpwunce in comparison to its effect on
prrfm)mx which will be consicered below.

Distribution of inspired gas in relation to the

rate of alveolar filling

“The rate of inflaion of the lung as 2 whole is a function
of inflation pressure, compliance and airway resistance.
It is convenient to think in terms of the time constant
(explained in Appendix F), which is the product of the
compliance and resistance and is



2 3

Duration o nfaton )
+ the time required for inflation to 63% of the final
volume attained if inflation is prolonged indefinitely

* thetime tht ol b seqivedfor inftion of the
lungs 3F the inital gas flo were maintained
o i (o B ¥ e oy

These considerations apply equally 1o large and small
areas of e luns; Figre 3. sows s and sow ol

Figure 8.2 The efect o mechanical
characteristics on the time course of nflation
ofdfferent functional unt of the ung when

deecionof g rectin i
ched by closure of the upper arway a the

T

the changes. 1= time constant.

considerations see Fundamentaly similar for both spon-
taneous respieation and atificial ventilation.
al units of identical

volume of each unit eq

e ol s T e o
oF ition il Tollow the wash m type of exposenti
function (Appendix F) and the time constants will be
cqual to the product of compliance and resistance of

the former he later with
2 long time constant. Figure 8.2 shows some of the con-
sequences of different functional units of the lung having
different time constants.

describes the resp
by development of a constant mouth pressure, but the

piratory p
s terminated at any instant, the pressure and volume of
each unit will be identical and o rediscribution of g1s
will occur between the

22 s o Runcioal Garene of vhi
has half the compliance but twice the resistance of the



other, The time constants of the two willthus be cqusl,
1f 3 constant infltion pressure s maintained, the one
with the lower compliance will increase in volume by
half the volume change of the other. Nevertheless, the
pressurebuild-up within each unit will be identical.
Ths, 15 in the previous example, the relative distribu-
tion of gas betwveen the two_functional units will be
idependnt f the e o durstion o nflon vm
inspiratory phase is terminated at any point, t
o e
il ocu beyen h it s
2¢, the compliances of the two urits are
i by S e e e
e, its time constan is double that of its
L i o ot e e
increase n both units will be the same i nflation s pro-
lonsed indefiniely. Relstive distribution between the
s dependent on the rate and duration of infla-
tion. I inspiration s checked by closure of the upper
sccands (for example), the pressure will
be higher in the unit with the lower resistance. Gas will
then be editautod Fom one unle to the ther,
shoven rrow in the diogram.

Fizure §. Pl i
ances but the compliance of one being half that of the.
b kg el e
it has » faster time course of inflation. However,

o pance 1 KF o o she cehes, e lmate
volume increase will oaly be half that of the other unit
the infltion is prolonged indefinitel. T
disrbution of gas between the two unit is dependent
upon the rate and duration of inflation. Fressure rises
more rapidly in the unit with the lower compliance, and
Finspiration is checked by closure of the upper ainway
at 2 seconds (for example], gas will be redistributed

unics s th

reased resistance and the other a reduced
compliance (Figure 8.2¢). This combination also features.

These comple eionships may be sumarsd s
follows. Ifthe inflation pressure is sustained inde
i vk e e e o the sl
depend solel upon their regional complances. If their
time constants are equal, the build-up of pressure in the

iffcrent units will be identical at al times during infla-
tion, and therefore:

« distribution of nspived s will be independent of the
e dusaon o frequeney ofinspision
jsmamic compliance (so far s it is influenced by con-
dertion discused nflation to Figare 3.6) wil ok
be affcted by changes in Fegueny and shold
differ greadly from static complianc
S 1F ngten W checba b oo OF 1 et
sineay, there will be no redistribution of gas within
the lung
1§ hovwever, che time constants of different units are dif-
ferent, it follows that
+ distrbution =l e i e
s o g
+ dynamic compliance will be decreased as respiratory
frequency is increased and should differ significantly
staic compliance
« if inspiration s checked by closure of the upper
aivvay, gas will be redistributed within the fungs,

Effect of maldistribution on the alveolar ‘plateau’

IF different functionl units of the lung empey synchro-

will not
ol oo i . The
both to fill and to empty and thus
are Bypov oIl s s i o
to have a high PCo; and low PO: and are slow to

d This

i Figure 3.6, In the present example, che time constant
of one unic is four times that of the other, while the ulti-
incd by the compliance

slieolus) shows the greater volume change at first, but
rapidly approaches its equilibrium volume. Thereafter
dhe aher ni the o sl undesgoesthe msjor
volume changes, the inflation of the two units being o
i on% meinscties Thioutho nspknons 0
ith the shorter time con-
inspiracion is checked by
clonrs of the upper airway, zs will be redistributed
b i b i e ot
Fiee

Formms the basis of the single-breath test of maldistribu

slow units will make the
latter part of exhalation, when the mixed exhaled PO:
will decline and the PN will increase. Thus the expircd
siveol plaeau of nicogen will e doping spads in
patients with maldistribution. It should,
stressed that this test will only be positive if il
ution is sccompanied by sequential emptying of units
i o diffeing tme constants. For exaripl, Figore
8.2b shows definice maldistribution, due to the different




regional compliances that directly influence the regional

e constants are equal,
there will be 2 constant mix of s from both units during
the course of expiration (1. no sequential emprying)
nd threfore the el pltcn. would remsn it i
spite of PO, and PN, being different for the two units.
Fiowerer, maldscbaton doe ta the commonct forms
of lung disease is usually asaciated with different time

ventilation. However, becase ti

stribution of ventiltion. As for the single-breath itro-
gen test, an upwar teau of carbon

Totallung copaciy

Uprsht

Resdas

dioxide indicates sequential emptying of alseal: with dif-

But 3 level platess
does not indicate normal distribucion of ventilation, just
equal time constants of hung units

ferent time constants (page

OF PERFUSION

Figure 8.3 Pulmonary perfusion per aveolus as a percentage of
that expected i al alveo were equally perfused (i the upright
postion). At toal lung capacity, pefusion ncreases down to
150 mem,below which perfusion s slighty decreased zone )

Since the pulmonary circulation operates at low pre
sure,itis raely distributed evenly to all parts of the
and the desree of non-uniformity is usully greater than
for . Maldisteibution of pulmonary blood flow s the
commonest cause of impaired oxygenation of the arte
sial blood.

Distriution between the two fungs. Measuring unileral
pulmonary blood flow in humans s difficul, but indirect

methods show that unilateral pulmonary blood flow is
Sl o the disibuion of veatlaion cbseved n the
supine postion (see Table 1), In the lateral position,
the dismeter of the thorax is of the order of 30 em and
in the pulmonary circulation
eserts a hydrostatic pressure that is ation to
the mean pulmonzry arterial pressure. A faiely gross
makiseaaion, Shselose Gecin i much:of the

pe lung comprising zone 2 and much of the lower
fung comprising zone 3 (e Figure 7.5)."

Gravitational effects on regional
‘pulmonary blood flow

In the previous chapter, it was shown how the pul-
mary vascular resistance is mainly in the capillary bed
and is goserned by the relationship between alveolar,
pulmonary arcerial and pulmonary venous pressures.
Early studies with radioactive tracers in the bload took
plice o ttal lun capaciy s showed o neresing
progressively down the lung in the upright position
However, Hughes et al. later found that there was a sig-
nificant reduction of flow in the most dependent parts
of the lung, which was termed zonc 4, where the
tion in flow appears to be dise to compression of large
blood vessels by increased intersttial pressure.'” This

reduc-

AUFRC,
Jumé the perfusion gradient s ctuallyreversed. It should be:
noed that perfusion has been caculates

smalleralveol ot the bases and the non-uniformity would be
greater. (Afer reference 12)

effect becomes progressively more important as lung
volume is reduced from total lung capacity towards the
sesidual volume. Figure 8.3 is derived from the work of
Hughes” group and shows that pulmonary perfusion per

alveolus s, in fict, reasonably uniform at the lung
vollmes relevant to normal tidal exchange. However, the

5

per wnit fung vofume is therefore increased at the bases.

In the supine position the differences in blood flow
between spices and bases are replaced by differences
between anterior and posterior regions. Supine subjects
ing_positzonemission tomography
(PET) scans, which shonw gradients in alveolar size,
ventilation and perfusion which are simiar to carler
observations

con be studied

ion ratio in depes
Shoved that the number of siveoli per cubic centimetre
of lung was approximately 30% greater i the posterior
than in the anteror lung (see Figure 84)." Thus the
inremed perfsion in depndentaresof v s osin
mainly caused b

small)aveoli -, more numerous alveoli in
dependent regions result from the weight of lung tissue
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VENTILATION IN RELATION TO PERFUSION”"

It is convenient to consider the relationship between
ventilation and perfusion in terms of the ventilation'

ured in litres per minute and, taking the fungs as
typical resting values might be 4 Lmin! for alveolar ven-
ilation and 5 L for pulmonary blood flow. Thus the
overall ratio would be 05, I ven-

Flgure 8.4 Verical gradients in ventlation. foninthe

positon. Dta are meen resul

and perfus

fepresent th average value for a horizontal sice of ung.The

Jd have sn individual V/Q ratio of 0.5,
I fact, ventiation and perfusion are not uniformiy dis-

cach alveolus woul

tributed but may range all the way from unventilated
alveoli to unperfused alveoli, with every gradation in
betwween. Unventilaced alveol will have a V/Q ratio of
zer0 and aheoli 3 V/Q raco of infincy:

pertusion (Q) per cubc centimetre of ung tisue. Veniation

lon both ncrease on descending through the lung.
The dotte i relates tothe right ordinate and represents the
e o ael

pencient aress such that the lood low per aiveols remains.
0 e, ARt 1 8]

sbove, and s blood accounts for two-thisds of the
weight of hung tissue, this provides an autamatic match-
ing of ventilation end perfusion.

Gravity-independent regional blood flow

Evidence is now accumlating that gravty i ot the orly
canse of the variability of regional pulmonary blood flo.
Physiolosical studies in space have shown that at micro-
gravity regional blood flow becomes more uniform

on Earth bt resicual mon-uniformity still perssts (page
280, A variety of medhods bave been used to sudy
pulmonary bload flow in the prone position.” !* These
Suics bave: consinently o tha. skhough bload
flow becomes more uniform, the flow distribution when
prone is not simply a reversal o the supine position, a5
might be expected if graviy were the only influence.
Some groups estimate that graity s responsible for only
10-40% of the egional blood flow varisbiity seen.”
Pulmonary blood flow ma vary in a radial fashion, with
greater flow to central than to peripheral lung regions in
each borizontal slice of lung. Regional flowe is also
believed to be influenced by vaseulr structure, with the

il iy
R e s
impede .m study of gravity-indepes

Sl e e
s e e
Tele xplansion o vitons i regiors il mary
blood flow

‘Alvcol with o ventltion (V/0) rato of zerc) wil
have PO, and Peos values that are the same as those of
mixed venous ble because the trapped air in the
unventilsed lveol will cquiibrate with mixed venos
Bload. Alveol with no perfusion (V/)ratio of nfity)
will have PO, and PCO; values that are the same as those

thick line joining the mixed venous point to the inspired
5as poin. This line covers all possible combinations of
alvesr P nd P00 i a indition o the V/Q
ratios that decerns

it b normal pril presures

of oxsen moves the ispired pin f the cure Lo the
R THe e Ve il ot e e
but_only by a small amount, for ressons that are

explained on page 348. A new curve must be prepared

for cach combination of values for mixed venous blood

and inspired g25. The curve can then be used to demon-

strate the gas tensions in the horizontal strata of the lung

according to their different V/Q ratios (sce Figure 8.5).

All the techniques described above

= ol ek SRR el of

rze

that measure

the multple inert s elimination techniae (MIGET)
The methadology, whichis outlined on page 125, permits

in 2 lorge number of compartmens defined by their V/Q
raios, expressed on o logarithmic scale
Figure 8.6 shows typical plots for healthy subjects
For the young adult (Figure 8.6), both ventilation and
perfsonare mailycofine 0yl with V/Q ratics
i the range 0.5-2.0. There is no measurable distribution
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Figure 8.6 The distribution of ventlation and

There s st no
measurable ntrapulmonary shun or sveolse
dead spa Jpprecible distribution of
o o o undepeised ol s fice
arterial 5, 0 10 kPa 75 mimH)
e bveammgaw (Reproduced with
permision fom Wagner P, Lraws 1,
R et a. Continuous distributions of ventiation-
il o et sosiont
100% 0. ClinIvest 1573; 54:54-68.)

Ventiation

0 01 03 To 30 1o 0
Ventlaton/perusion ftio

0 arcas of infinite ¥/ (.. alvcolar dead space) o
D0 s i e g s iabed
o it et ripnlminy St b
present to a small extent (pag For the older
o (Rgure 8.6, ter s a widenin fth s
tion of V/Q ratios, with the main part of the curve now
in the range of V/Q -5.0. In addition, there s
the appearance of a ‘shelf” of distrbution of blood fow
V/Q rato in the range 001-03. This
probably represents gross underventilation of dependent
ares fthe g das b iy come whe e choing
capacity e functional residual capacity (see
Figae 3.10). The effect of increased spread of ¥/
ratios on gas exchange is considered below (page 125).
“Toe pacern of ditribution of 1/ ratios dows chr
acterisic changes in a number of pathological conditions,

to areas of low

e

such as pulmonary oedema and pulmonary embolus
Some examples are shown in Figurc 8.7.

Quantification of spread of V/G ratios as if it were
due to dead space and shunt

sethod of snalyss llustrated in Figures 8.6
an 8.7 s echnically complen. A les precise bt hihly
practical approach was described in the 19405 by both
renn et . and Riley and Ct T
what has generally become known a5 the Riley approach
consider the lung as f it were  threc-compartment
‘model (Figure 8.8) comprising:
* ventilated but unperfused slveoli (alveolar dead
space)
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Figure 8.7

bronchodiator
and Gas Exchange. Oforc: Blachwel Scieniic, 1990)

Alveohar dead space

+ perfused but unventilated alveoli (intrapulmonary
« ideally perfused and ventlated lveoli
Gas exchange can only occur in the ‘ideal’ alveolus.

There is no suggestion that this is an accurate descrip-
tion of the actusl state of affurs, which is better

Figure 88 Three-compartment (Riey) mods! of

ed
space gas, 01t s
ot possibe to samle ideal alveolar gas.

ermined and the values obtained
e to therapy. Thus an increased
dead space can usually be offset by an increased minute




contents that s exhaled. This vaies with tidal
volume.

volume and artrial PO can be restored 1o normal with
Shunts up to about 30% by an approprite incresse n the

inspired oxygen concentration (sce Figure $.11 below).
Mechods for calculating dead space and shun for the
three-compartment. model are described at the end of
the chapter, but no analytica techniques
nd ‘measurement of blood and gas FCO; and POy

inspire
exchange and what fraction of the cardiac output con-
stitutes a shunt, However, it is most important to
remember that the messured value for ‘dead space’ will
include a fraction representing venulation of relatively

red value for
raction representing perfusion of
relatively underventilated alveali. Furthermore, although
perfusion of relatively underventilated alveols will
reduce arterial PO, the pat

The concept of ‘ideal” hveolar gas s considered below
(page 128), but it wil be clear from Figure .8 that ideal
alveolar gat cannot be sampled for analysis, There is 2
convention that ideal alveolar PCO is assumed to
equal to the arterial PCo, and that the respiratory
exchange ratio of ideal lveolar gas s the same a5 that of
expired air

DEAD SPACE
Tt was realised in the 19¢th century that an appreciable

part of cach inspization did not
cegions o the lungs in which gos exchange occurred and

s

penctzste to those

was therfore exhaled unchanged. This fraction of the
tidal volume has long been known as the dead space,
while the effective part of the minute volume of respi-
ration is known as the alveolar ventilation. The relation-
ship is as follows:

Alveolar ventilation =
cespiratory frequency (tidal volume — dead space)
Va= (VT -VD)
It is often useful to think of two ratios. The first is
the dead space/tidal volume ratio (often abbresiated to
VD/VT and expressed as a percentsge). The second
wseful ratio is the alveolar ventilation/minute volume
r. st ratio indicates the wasted. part of the
breath, and the second gives the utilised portion of the
minute volurne. The sum of the o ratios is unity, and
5o one may casily be caleulated from the other.

atio. The

Components of the dead space
The preceding scetion considers dead space as though
it were a single homogencous component of expired air.
The situation s accually more complicated. than this
and Figure 8.9 shows in dizgrammatic form the various
components of a single expirate.

“The first part to be exhaled will be the apparatus dead
space if the subject is cmploying any form of external
breathing apparatuss. The next component will be from

¢ of the

conducting air passages with the qu
red below:. Thereafter gas s exhaled from the alvealar
level and the diagram shows two representative alveoli,



comesponding 1o the two ventilated compartments of
the three-compartment lung model shown in Figure §.5.
Ore alveolus is perfuscd an Dl
gas s cxhaled. The other alseols s unperfised
& without 3 exchange,and from his lveous he
haled g n o
inspired
a5 alveolar dead space gas, which is important in many
pathological conditions. The physiological dead space is
the sum of the anstomicl and slveolar dead spaces and
s defincd as the sum of ll parts of the tidal volume that
do not participate in gas exchang

I Figure 8.9, the firal pat of the expirate is called an
end-idal or, preferably, an end-espiratory sample and
of 4 misture of ideal alveolar gas and slveolsr
dead space gas. The proportion of alveolar dead space
35 in an end-expiratory sample s varizble. In @ healthy
esting subject the composition of such a sample will be
close to that of ideal alveolar gis. However, in many
pathological states (and during anaesthesis), an end.
xpiratory sample may contain 2 substantial proportion
of aiveolar dead space gas and thus be unrepresentative
of the alveolar (and therefore arterial) gas tensions. For
symbols, the small capital A relates t ideal alveolar gas
2510 Pacy,, while end-expiratory g is distinguished by
ol capial £, uffised with 2 prie (e
mined expired gas o small o )

i el il ) s cact s ek

toidealalveolar gas. Unqualified, the term ‘alveolar’ may
mean either end-tidal or ideal alveolsr, depending on
the context. This i a perennial source of confusion and

this,

therefore approsimates in compos
T G e e koo

al £ with a bar (PE

s beer 10 specly ither el oo s or end-
expiratory
et s bestressedtht Figre 8.9 nly a model

- ./ RS ol s e e ot e P
88,

Anatomical dead space
e sl st e oot s gl
the volume of gas exhaled before the CC tzation
st e sy, s to e

lined st the end of this chapter (sec

“The volume of the snatomical dead space, in il
its t constant and d by m
i s o hich s el o vl
of these factors influence the
lume of the
except for changes in tidal volume

e, is ao s influenc

condiucting sirways,

and respiratory rate, which affect the flow pattern of gas
passing along the airvays.

Factors influencing the anatomical dead space.

Size o the subject must clearly influence the dimensions
of the conducting air passages and anatomical dead space
increases with body sie.

Age. In carly infancy anatomical dead space is approxi-
mazely 3.3 mlkg”, and by the age of 6 years th
decreased to the adult value of approximately 2

hange relative 1o hody wei
anatornics] dead space increases by approximately | ml

posture influences many lung \n\umes‘ including the
anatomical dead space, with 1
healthy subjects of 150 ml e sittng.and. 100
wwhen supine.

ical mean values for

position of the neck and jaw has a pronounced effect on
al dead space, with mean values in con-

the anstomica
scious subjects of-

+ neck xteded o prouded = 143l
el i 0l
* nock lexed, chin depressed - 73 mi.
s nokeworthy dhat th s posiion s he ane u;«i by
procur

el it efeectiet

itance. Unt
the maimum dead space.

Lung volume a the end ofnspirtion ffcces the snatom-
il ded spac, s the vaume of he i pasaps
hanges inproporion ot g vlume, The e
is of the order additional mm,mu dead space
for cach ltre increase in fung volume.

Trachel intubatin, achecsamy ot faryogel mack
ypass much of the extrathoracic

example, the use of a breathing system fiter or a heat
and moisturc-exchanging humidifier

Drugs acting on the bronchiolar musculature vl affect
<he anatormical dead space, with any bronchodilator drug




(page 47) causing 3 small increase in snatomical dead
space.

Tidal volume and respiratory rate. A redsction in tidal
\n]umc b of the anatomical
dead s Fowler's method and this
Timits th Fall of stveola venclaton reling from small

normal anatomical dead space of 150 ml.

Reduced anatomical dead. space with small_ tidal
volumes i unlikely to result from changes i the physi-
cal dimensions of the airways and arises mostly from
ing of gases vichin

T 1he B ofthe cone penctsis th siveol beforeal

occur by simple diffusion, possibly aided by a mixing
effect of the heartbeat, which tends to mix all gas lying
beloww the carina, This effect is negligible at normal rates
of ventilation, but becomes marked during hypoventila-
tion. For example, in one hypoventilating patient, Nunn
and Hillfound alveolar gas 2 the carina at the beginning
of expiration ™ A similar effect occurs during breath
holding when alveolar gas mixes with dead space gas as
far up as the glotts

Alveolar dead space
Alveolar dead space may be defined as the part of the
inspired gas that passes through the anatomical dead
space to mix with gas at the alveolar level, but which
does not take part in gas exchange. The couse of the
Falure of gas exchange is lack of effective perfusion of

cotain  omponent due o the veniationof it
underperfused alveoli, which have a very high (but nat
i) V1 i (s Figare 87). The aivolr desd
space is t0o small to be measured swith confil

healthy supine humans, but becomes appreciable under

Low cardiac output, regardless of the cause, results in
‘pulmonary hypotension and fuilure of perfusion of the

uppermost parts of the lungs (zone 1, see page 98).

120

During anaesthesia with controlled ventilation, sudden
changes in end-expiratory CO; therefore usually indicate
<honging shche de spce secondaey 0 bt -
tions in cardiac output (page 15

Pumanaryemblism s consiesed ey n Chpter
2. At fomis et on crtae aut, ooy
embolism s a ditect cause of alveolar dead space that
may reach massive proporcions

Posture. Changes in position have 4 sigaificant effect
on the distribution of pulmonary blood flow (page 114).
Fortunately, during normal breathing there are similar
changes in the distribution of ventilstion so that V/Q
mismatch

changes in alveolar dead space. Howeser,
ventilated artificiall in the lateral position, ventilation is
distributed in favour of the upper lung (sce Table 8.1,
particularly in the presence of an open pneumothorax,*
and under these conditions, part of the ventilation of the
upper hung will constitute alveolar dead space.

s uncommon and

Physiological dead space
Physsbgeal dex space s the mum of ol pares o e
tdal vlume that dornot porticpate n gascous exchane.
Novadays it is niveraly the Bohr mixing

atior e

i i s e e
fraction of the tidal volume over 2 wide range of tidal
volumes. It i, therefore, generally more uscful to use
the VD/VT ratio m» ol T e
(-Vo/VD) x the

ence then being multiplied by the respiratory frequency

to indicate the alveolar ventilation

The Bohr equation
Bohr introduced his equation in 18917 when the dead
space vas consdered smply a8 gar exbaled from che
s (i.c. anatomical dead space only). It
S b iy e el Dot s ]
the CO; eliminated s contained in the alveolar
Therefore:
Volume of C
vlume of CO.

eliminated in the alveolar gas =
inated in the mixed expired gas

that s to say



Alvcolsr CO; concentration x alveolar ventilation =
mixed-expired CO; concentration x minute volume.

or for 2 single breath

Alseolse CO; concentration x( tidal volume ~dead space)
= mixed-expired CO; concentration x tidal volume

There are four terms i this cquation. There s no serious

diffculty n measuring two of them, the tidal volume and
leaves the

be derived if
the dead spac is known or, alternatively the dead space
may be derived if the alveokr CO; concentration is
known.

e use of this equation has been expanded to measure.
various components of the dead space by varying the
interpretation of the term ‘slveolar’ In the equations
shoe the word leele” may be taken (0 s end-
expiratory gas and therefore this use of
tion indicates the anatomical dead space. e
alveolsr CO; concentration were used, then the equa-
son ol ndite the physlogea dexd space com-

Jogical

Paco,

i< no s

Age and sex” There is a tendency for V0 and also the
VO/VT rati to increase with age, as a result of changes
in the snatomical component. The volume of VD in men
is around 50 ml greater than in women, but the former
have larger tidal vohumes and there is litle difference
betsveen sexes in the VD/VT ratios.

size. As described above, it i evident that anatom
ical dead space, and therefore VD, in common with
other pulmonary volumes, will be larger in arger peaple.
Physiological dead space correlates with either weight o
height; for example, VD (in milllitres) approximates
to the weight of the subject in pounds (I pound =
0,45 kg)® orinereases by 17 ml for every 10 cm increase
i height. ™

Posture. The VI/VT ratio decreases from a mean value
SE 0t s skl 1o e p-
tion." This islargely explained by the change in anatom-
o desd s A bre

Pathology. Changes in dead space are important festures
of many causes of luns dysfunction, such as pulmonary
embolism, smoking, anaesthesia, artificial venglation etc.
These tapics are discussed in Part 3 of this book.

Effects of an increased physiological dead space

Regardless of whether an increase in physiological dead
e o e sl i e ook ot

sificant difference between the PCO; of end-expiratory
gesand that of arterial blood. The former may therefore
be used as 3 substitute for the lateer, as the anatomical
and physiological dead spaces should be the same (the
normal alveolar dead space being too small to measure).
However, the wse of the PCo, in the
Bob eqution may cause difficulties in certain sicuations.
Inexercise, inscutcypervntilation, or f hre i -
istribution of inspired gas with sequential emptying, th
el e de
the alveolar gas and the end-tdal PCOs will depend
the duration of expiration, The dead space so der

will not necessarily correspond to any of the compart-
ments of the dead space shown in Figure 8.

end-expiratory

Factors influencing the physiological dead space

s ection mmarscsfctors hat et physologal
dead space in normal subjects, bur s for the
ot om o omsdio) o n e ciont o8
i st sl s i

Jation is recuced unless ther s 2 compen-
tory increase in minute volume,
i

s decreased by reduction in respiratory minute volume

(see Figure 10.9),
T is usually posible to counteract the effects of an
sc in physiological dead space by a correspond-
atory miaute volume. If, for

increase of the VD/VT ratio to
50%, the minote volume would need to be increased

i to maintin an alveolsr ventilation of
7 Lani " However, should the VO/VT inceesse to 80%,
the minute volume would need to be increased 10
minrL. Ventiatory capacity may be 3 limiting factor
with massive increases in dead space and this is 3 rare
cause of ventiztory filure (see Chapter 27).

g in sn i
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Figure 8.10 A schematic representation of
dmixure. I makes the assums
that il the arterial blood h

Guantiying venous admixture
cause The shunt equation i simlar 0 the Bohe
squation and i based

elationshp that the ttal amount of oxygen in
 minute's flow o arterial blood equals the sum
ofthe amount of oxygen n 1 minute's flow

O venous
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'VENOUS ADMIXTURE OR SHUNT

Admixture of acterial blood with poorly oxygenated or
mixed venous blood is & most important case of arte-
rial hypov:

Nomendlature of venous admixture
Venous admixture refers to the desree of admixture
of mixed verous blood with pulmonary end-capillary
blood that would be required to produce the observed
difference becsween the srterial and the pulmonary end-
capillary PO; (usually taken to equal ideal alveolar P,

the principles of the caleulation being shown in Figure
8.10. Note that the venous admixture is not the actual
amount of venous blod that mngls it the areil
blood, but

equil

patheay of the shunt. Nevertheless, it s often loosely
termed ‘shunt’

Anatomica fextrapuimonary) shunt refcs to the amount
of venous blood that mixes with the pulmonary end-
capillry blood on the arterial side of the circulation. The

discase with right-to-left shunting etc. Clearly different

companents may have different oxygen contents, which
will not necessarily equal the mixed venous oxygen

ontent. Anstomical shunt excludes blood draining any
alveoli with a 1/Q ratio of more than 7o

Yot st el s s deived o
lations n

et e
culated venous admisture and the actusl volume of
blood miving differ because of two factors. Fiest, the

hebesian and bronchial verous drainage do not nec-
essarly have the same PO s mixed venous blood.
Second, venous admixture includes the contribution to
ine il lood fomaleoifing  / Qo of more

EEe R e L«.
w).

belo

Pathological shunt is sometimes used to describe the
forms of anatomical shunt that do rot occur in the
normal subject

(see Figre ),
hen g s il il from thas of mised ynous
Hod Vemoussdoaoe Tt s omvenininen i
Ass ot ol e herabtomist

iologi This tem 5, unfortunsely, el n
two semses. [n the frst sense it describe the

e s e e
healthy subject. Differences between the actual meas-




wred venous admixture snd the normal value for the
‘physiological shunt” thus indicate the amount of
admixture that resuls from the discase process. In

physiol

s admixture 35 derived from the mixing

cuaton o Figure 8.10). The term i probably best
oided.

H
£ 5

Forms of venous admixture
The contribution of V/Q mismatch to venous admixture
s discussed in detail below. Other important sources o
venaus admixture, both normal and pathological,inchide
the following.

Venge cordis minimae (Thebesian veins). Some small
veins of the left hears drain directly into the chambers
of the lef heart and so mix with the pulmoary venous
blood. The axygen content of this bload is probably
very lovw and therefore the flow (believed to be abous
03% of cardiac output") couses an appreciable fall in
the mived srcerial oxygen tension.

Bronchialveins, Figure 7.1 shows that part of the venous
drainage of the bronchial circulation passes by way of the
deep true the pulmonary eins.
Itis uncertain howw large this component i in the healihy
subject but it is probably less than 1% of cardiac output
I bronchisl disease and coarctation of the aorta, the flow
through this channel may be greatly increased and in
bronchicetasis and emphysema may be as large as 10%
of cardiac output. In these circumstances it becomes
mafor cause of anterial dessturation.

bronchial veins to reach

Crocnt e e R e ki o
genical hea of che warst examples.
it wimismuoe Whts) e e sbjoral ek
betsseen right and left heart, shunting will

from left to right unless the pressures in the
tight heart are raised sbove those of the left heart. This
occurs in conditions involving obstruction to the right

iscase is the

vasoconstriction (page 101) and pathological vasodilation
of the pulmonary vesscls by inflammatory mediators.

Effect of venous admixture on arterial Pco, and Po;

Qualtatively, it will be clear that venous admixture
reduces the overall efficiency of gas exchange and results

Qutae the o i simple provded that v
comsider he cotns of e in ond. n he e of
the armamica st I Figre 5.0, conservaion of
B e e ity
state that the amount of oxygen flowing in the arterial
system cquals the sum of the amount of oxygen leaving
the pulmonary capillaics and the amount of oxygen
lowing through the shunt. For each term in this cqua-
tion the amount of axygen flowing may be expressed as
the product of the blood fl
content of bload flowing in the vessel (z

The
o f the Vol equmtion for the plysiolgicl dead
spacs

A s WS S R
o solve for the effect of venous admixture on arterisl
for_example, pulmomay end-

" dhem 2 50% vencw

necessary to consert arterial oxygen content to PO, by
haemagiobin dissociation curve (see
terial PO, is usully on the flat part
Tk hmmg.u.m e «h»nw in
1y lorge effect on POy, thoty
i i T e
dissaciation curve becomes steeper.

na»mm u

arterial CO.content

he
1068 s i oy e evenar
1/ revir ot e (Pimmenger s syndetie)

pulmonary pathology often results in increased venous
admixtare, thus causing hypoxaemia. Venous drainige
from lung turmours constvutes @ pathological shunt, but
more commonly venous admxture results from pul-
past non-ventilated alveoli in condi-
tions such as lobar and bronchopeumonia, pulmonary

mour of venous

‘monary blood fl

h lung disease s variable,
depending on the bulance between hypoxic pulmonary

s roughly sinila content
However, owing to the steepness of the CO; dissocis-
tion curve near the arterial point (see Figure 10.2), the
effect on arcerial PCO; s very small snd far les than the
change in arterial PO, (Table 8.

Tiwo canclusions may be drawn.

= Arterial PO s the most useful blood gas messurement
for the detection of venous admixture.

= Venous admixture reduces the arterial PO: markedly,
but has relatively little effect on arterial PCos or on
the content of either CO; or O; ualess the venous
admixture is lage.




iy

€O, content (ml.dl ) 497 500

P, (Pa) 529 533
b 397 200

0, content (midl 159 196

O, saturation (%) 978 968
Pa) 140 120

(mmig) 105 %o

It has been assumed that the arteralivenous oxygen

content difference s 45 midl and that the

haemoglobin concentration s 149 g1 . Typical

changes in Po, and Pco, have been shown for a 10%
us admixture, 3 in Figure 810,

e seldom caused by venous
admisture and i is customary o ignore the effect of
moderste shunts on PCOy. In the clinical sitution, it
15 more sl for venous st 1o lowe th PC:
indirec  the decreascd PO commonly causcs
hypervensilition, which more than compensaes for th
e e e i
venous sdmixture (see Figure 27.1).

ations of arterial PCO;

from the

Effect of cardiac output on shunt
Cardiac output influences venous admiuure, and its
consequences, in two opposing ways. First, a reduction
of caniac awput s o  decese i mixd venous

The iso-shunt diagram

1 we assume normal values for arterial PO, haemo-
slobin snd arterial/mixed venous oxygen content dif-
ference, the arterial PO, is determined mainly by the

oxygen content difference s often
unknown in the clinical situation and therefore the
diagram has been prepared for an assumed content dif-

ference of § ml oxygen per 100l of blood. Iso-shunt

slobin levels betuween 10 and 14 gl Normal baro-
metric pressure s assmed. Since calculation of the
venous admisture. e ke actual
arteral/mixed venous

il e o g
ent difference of S ml per

e oot gt s
ncentration to abtsin =

inder stable pathological
conditions, changing the inspired oxygen concentration
results in changes i arterial PO, that ar reasonably well
predicted by the iso-shunt diagram <

environments, the iso-shunt graph may therefore be used
to determine the optimal inspired oxygen concentration

vith
2 greser udm.m Is izl 5, potld e ,num
ered, a rlationship that i illust

Fgare 15 syl

wide range of pathological and. physiological circum-
stances,  reduction in cardiac OutpUE causes an approx-
ity proportional redocton nth st Faction 12
the only. spperen. cpion el shuat theush
regional pulmonary atelectasis. One possble explana-
o Tor e redued st racton. 16 aiation oF
hyposic pulmonery vasoconstriction a5 a result of the
redocion in PO of the mixed venaus blood flowing

of an unnecessarily high concentration of axygen * For
example, if a patient is found to have an arterial PO, of
SOk (225 i) sl breshing 0% oxygen, e s
a virtual shunt of 20%, and if it is required to attain
an arcerial PO of 10kPs (75 mmHg), this should be
achieved by reducing the inspired oxygen concentration
0 45%,

‘With inspired oxyzen concentrations in excess of 35%,
‘perfusion of alveoli with low (but not zero) V/Q ratios
has relatively ltele effect on arterial POs. Howeser, with
inspired oxygen concentrations in the range 21.35%,

sed b

of V/Qratios

through the shunt (page 189).
w0 effects tend to have approximately equal and oppo-

on arterial PO for reasons that are explained below:
Theref: b

output there is usually a reduced shunt of a more desat-
wrated mixed venous bload, with the result that the arte-
il POy is scarcely changed.

diagram is not applicable, since arcerial Po; is less than
predicted as the inspired oxyeen concentration s
reduced towards 21%. A new diagram, which provides 2



entration (atscissa) and

arteial o, shown sbove. Artrial to i
Yo oygen content difrence s smed
be 5 mldl " (Benator SR, Hewiett A, Nun -
Tl ot s s o

Board of
Brtish Journal of Anaesthesia. Reprodiuced with
permission of Oxford University Press/Bitsh
Jouralof Anaesthesia)

N
nspied oxygen concentation (%

ressonable simulation of scatter of V/Q) ratios plus
shunt, is explained below and this diagram (sec Figure

shown in terms of alveolar/arterial PO, difference,
el B Sfie i o der b e 14,
why

ofpatientsrequiring the seministration of oxygen in this
tange

‘THE EFFECT OF SCATTER OF 1/Q RATIOS.
ON ARTERIAL PO,

Iis usually extremely difficult to say whether rediuction
of arterial P, is due to true shunt (preas of zero V/Q
rato) or to an increased scatter of V/Q ratios with an
Pl oo s e bload from alveol:
zero) V/Q ratios. In the clinical
TI0TE B e it o saces of V/Q vaios
(which are difficult to quantify) and to treat blood gas
results as if the alveolar/arterial FO; diffe
caused entirely by true shunt. In the example
Figare 8.12, i is quite impossible to distinguish betsveen
scatter of wonummmhummhe asis of a single
! r, the two condi-
s e v diffsent Bt el of iffrenc
inspired oxygen concentrations on the alveolar/srtcrial
o difercnc s theelrethe appaent st
shows that, for a true shuat, with increas-
o o]y cohcentesion, the efect on el
PO; increases to reach a plateau value of 2-3 kP (15—
22 mmbly) for cach 19 of shune, This is more precisely

ery low (but not

wq ratios should increase the it or e

ratios, For example, in Figur
blood comes from the alveoli with low /@2 ratios and
fows PO, whercas only 10% is contributed by the alveoli
with high V/Q ratios and high PO;, Therefare, the atter
cannot compensate for the former, when arterial oxyzen
levels are decermined with due allowance for volume
consribution. The second reason is illustrated in Figure
13, e vith igh 1/ atisar o o
of the haemoglobin i
with low V7 raios. Therefore, the adv
oxygen content isgreste for alveoli
therefore low PO than
with a high V7 and therefore high PO, Therefore, the
rester the spread of V/Q tatios, the larger the slveo-
ar/artesial PO difference

Modification of the iso-shunt diagram 1o include VI
scattr. The iso-shunt diggram described above does not
take nto account V/Q scatter, and s has bands too wide
for practcal use below an ispired oxygen concentration
of pprasimanely 40% (s Fgare 811, Thi problem
has been. overcome by the development. of 3 tw
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2used by scater of /Q ratios and fs

eoresenatio b an e dgres o

venous admisture (2)Scater of V10 ratios

i
7

i

the volume contrbution of as from the three

biood

e o, derved. Thereis an aveolar/arterial

e
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Figure 8.13 Aeolarfarceral 0, iference caused by
scatter of U/Q atios resulting i Oxygen tensions

Mean satuation
o

. The dogramshow e et f eee g of

account for
o B v
Porot 107

the scarer of /G ratos in terms of



124 are combined with th fo-shuné curves in
Figure £

B

)
centration (%

compartment model including both true shunt and V/Q
scatter components, which for_the latter factor
s  bimodsl disuribution of V/Q) scatter and uses
fre of V/Q mismatch ‘severity

hows the offet of VIO mismatch on the
shunt lne, clearly displaying the varision in aterial PO
with V/) seater

tions. Figure E.A shows further examples of the
of V/Q scatter on the inspired to arterial oxygen gradi-
. This model is clearly an oversimpliication of the

simlation of the relationship between arterial PO and
£en concentration for o wide variety o
parents wich mederate respirstory dysfuncton requ
ingoxysen hecspy inthe range 2

i

in blood. Both ""Xe ard " Kr are suitable for this purpose

lation. For ass
et of regona) porfus, 3 L i s
such as ""Xe or “Tc may be dissolved in saline and
il ikl e
the lung again recorded with 3 gam)

bt i el
in zoncs of the lung that can be related to anatomical
subdivisions by comparing anteroposterior and lateral

PET scanning i wed for resarch purpses ad dlows
e et on of gl ol
o, chotgh ol i ivtantal positions? Onic aain

tion and.

concentration."

PRINCIPLES OF ASSESSMENT OF
DISTRIBUTION OF VENTILATION AND
PULMONARY BLOOD FLOW

Regional distribution of ventilation and perfusion

fodfoactive tracers. Regior dtribucion of vendlion

and perfusio onveniently studied with a
gomma camera e following inhals-
tion of 3 suitable adioactive gas that 3 not too soluble

for example "N, and the radioisotopic concentration
in a three-dimensionel field measured during normsl
breathing.

B sanning i anor techniaue,cuenly ued oy
for rescarch, which provides unprecedented three-
racomial gt veainon st B
developments in MRI scanning hav
donallyeloant s By sing
e that s bicn ragnetialy Hperpe-
larsedt’, MRI scans can be greatly enhanced in a similar

s, such




way to the use of contrast for traditional Xeray radio-
graphs. Hyperpolarised *He used in this way interacts
with the paramagnetic axygen molccules (page 193) in
the lungs, causing oxygen-dependent decay of the hyper-
polrisation, and this phenomenon can be used to gen-
erate scans showing regional PO in the lung,

1. Arterial oxygen content. Arterial PO: or oxyen
turstion mey be messred an o dv romany
convenient systemic artery. If arteral P
ured, this must first be converted to oxygen saturi-
ton (page 17 t 0. befre the amygen content can
be calculated (page 158)

Mised venous oxygen content. Mixed venous blood
must be sampled from the right ventricle or pul-
monary artery. Blood and superior venae

function of V7@ ratio

Tiesbotim b e el T 15 af
ined by the M which emplogs six

Teace ases wich differenc o i ranging from

by s chiromatography and el n the i
blood by use of the Fick principle. It is then
possible to caleulate the retention of each tracer in the

blood and ther, by numerical analysis, it is possible to
compute a distribution curve for pulmonary blood flo:
and slveolar ventilation, respectively, in relation to the
spectrum of V/¢Q ratios (see Figure .6).

The technique is technicaly demancing and laborious.

‘made major contributions ta our understanding of gas
exchange in a variesy of circumstances.

Measurement of venous admixture

Venous admixture, according to the Riley threc-
compartment model (see Fizure 8.8), is calculated by
solution of the equation shown in Figure §.10, When the
alveolar PO, is less than about 30KPs (225 mmHL
e of V) Qi oot wpbrecibly bl
aaleulated venous sdmisture (sce Figure 8.14). When
the subject breathes 100% oxygen, the component due
o scatter of V/Q ratios is minimal. Nevertheless, the
oot qantiy il doss o it the
bloor S ke st

enlban o e e
(e fram bronchisl veins and venae cordis minimac)
The calculated venous admixture s thus at best an index
rather than a precise measurement of contamination of
arterial blood with venous blood.

To solve the cquation shown in Figure 8.10, three
guantities are required.

cavae and coronary sinus, each with quite different

ured PO s for the arerial sample. An assumed value
for arterial/mixed venaus blood axygen content dif-
ference s often used iF it is mot feasible to sample
‘mixed venous blood, and this is inherent in the iso-
shuat disgram (see Figure 8.11).

3. Pulmonary end-capillary _oxygen content. This
cannot be measured directly and is assumed to be
squal to the alveolar PO; (page 138). If Figure 8.8
i studied in conjunction with Figure 8 10, i will be
seen that the sheolar’ Poy required is the del
alseolar PO, and ot the end-expiratory

el el
Toe el siveolr P s desved b seution of one
of the alveolar air equations (see below) and sgain
converted to oxyzen content

Norinvasive estimation of venous admixture may be

performed without sampling arterial or mised verous

blood, using only measurement of hacmoglobin concen-
tration (Hb), end.-tidal PCO,

b and Spo, and alvealar
PO from the alveolr air equation described below using
inspiced O concentration and end-tidl PCo, (therefore

smuning . tomal. end e 1o s PO iller
ence). In fashion to the iso-shunt nm o]
i e rom srecia

using an assumed value for arterial it
Shoascstimated o ths way s reuls

o 1% shont compared o imsive messsrcments.®

The alveolar air equation

 ‘ideal’ alveolar gas (see Figure 8.8) must be
 means and was firs formulated with

Riley et al. in 19467 The cquation

some precision by
exists in sexeral forms that appear very different but give
the some result.

Derivation of the ideal alveolar PO, is based on the fol-
lowing sssumptions.

* Quite large degrees of venous admixure or V/Q
scatter cause reltivly lietle difference between
the PCo of ideal alveoler gas (or pulmonary ead.



gty blood) and o ol blodd (see Table
feal alveolar PCo, is approximately

tory exchange rato of ideal slveolar gas

(in relaton 1 nepired gee) caquals the respintory.
exchange ratio of mixed expired gas (again in relation
o inspired gas).

Sl derive an equa-

cates the idal e PO, i terms of

=l Pu) and inspired gas

approximation, the oxygen and il =

the inspired g

T e
Therefore, very approximarely:

Alvcolar Po, = inspired Po, —arterial Peoy

“This equation s not sufficiently accurate for use, except

in the special case when 100% axygen is breathed. In

ather situstions, three corrections are required to over-

come errors due ta the following factors.

1. Ususlly, less carbon dioxide is produced than oxygen
s consumed {effect of the respiratory exchange ratio,
R

2 The resicory xchonge o prodoces 3 scondos

lfet b th pird oumecoes o ol e

inspired s0

The et 5 v oy o
of incre gas exchare

o pm((l:ablc form of the equation makes

incipal effect of the respiratory
Cerhange ratio (1), bt mot the smal supplemmentary
error due to the difference between the inspired and
expired gas volumes (2)

Alveolar Po =

inspired Po: - arterial Peo/RQ

“This form i< suitable for rapid bedside calculations of
alveolar PO, when great accuracy is not requirc

One stage more complicated is an equation that allows
for differences in the volume of inspired and expired gas
due o the respirstory exchnge iy bt il docs o
v e e 1okt e Camnge ke
This eqtion et in vrous fors, ol dcbrically
identical:

Alveolsr Pos = Pro, J’Lu

Fio,(1-RQ))

“This cquation is suitable for use whenever the subject
has been breathing the inspired gas mixture long cnough

i when the inert gas concentration has recently been

changed (e.8. soon after the start or finish of a period of
inhaling nitrous oxide).

Perhaps the most satisfactory form of the alveolar
air equation is that which was advanced by Filey,
Maclntosh and Wiight in 1954 This equation makes
o assumption that inert g
allows for the difference between inspired
gas from whatever cause.  slso proves to be very simple
does not require the calculation of the respi-
atory exchange ratio, although it does require sampling
of mixed expired gas

in use and

P e

16 the lveolar PO is caleulated sepaately according 10
the st two cqustions,the difference (f any) will be that
due to inert gas exchany
When using these equations n practice i is important
0 take into sccount water vapou, s alveolar gas will be
sotursted with water 3¢ body temperature, such that
Puos= oy x (Po= P
where Fi, s the fractional inspiréd oxsgen concentra-
tion, Pa i barometic pressure and PO is sarated
vapour pressure of water at 37°C (6.3 K3, 47 mmlg).

Distinction between shunt and the effect of
Vi scatter

Shunt and scatter of V/Q ratios wil each produce an
alveolar/arterial Po, difference from which a value for
venous admixture may be calculated. It is usually impos-
sibleto say to what extent the calcolated venous ach

e shunt or to perfusion of aveali with
atios, Three methods are available to distin-
ditions,

sgen concentration s altered, the.
d upon the nature
of the disorder. IF oxygenation is impaired by a sh
the arterial PO, will increase as shown in the iso-shunt
disgram (sec Figure 8.11). If, however, the disorder is
due to scater of VI iy, the ‘m(n:\ PO, will

e for 4 red ovyeen

ference between shunt and V/Q scatter forms the basis
of 3 non-invasive method for investigating the mecha-
m of impaired 525 exchange in the clinical setting.
he technique is simila 1o that aready described for
assessing venous admixture (page 125). Oxygen siura-
sl diffeceat inspired oxygen
concentratiors and an Sp, versus Flo, curve drawn,
Mathematical modelling, again using an assumed value




Distrbution of pulmonary ventlation and perusion.

Figure 8.15 Nonnvasive evaluation of impaired gas exchange

for arteriavenous oxygen difference, and scudies during
one-lung ansesthesia bave shown that shunt depresses
the curve downwards whereas increasing V/Q mismatch

moves the curve to the right (Figure £.15).%
Measurement of the sheolaarteril P, diffecence
qunifsion of V/0

is 3 specifc method for
becsuse the PN, diff
ot st Sbpers et bt ke of Coplens
nitrogen equilibrium, which may be difficult to achicve
in the clinical environment. The method hs not come
into general use owing to difficulties in measuring PN,
with adequate precision.

ion has been measured atninediferent nspired oxygen con-
centatons (4o andacane et thepins o)
tical modelling (broken lnes]shows that shunt dis-
places the curve downvwards 0% and 30% shurt shown), whereas
Y mismatch dsplcesthecuvetorhe g Acomputerdgo-

sis of distibution of blood flow i relation to V/Q ratio
is the best method of distinguishing bertveen shu and
aress of low V/Q ratio (see above)

2nce,can compute the virtual shuntand theshit due to /G
mismatch from the actal urve obtained fom the paient in
thiscase 30% shunt ond marked V/Q mismatchin the atient
during one-tung ventiation (page 317.(Reproducertwith per-

p:
Anatomical dead space is most convenieatly messured
by the technique illustrated in Figure 8.16, originally
dexeloped for use with a nitrogen analyser by Fowler™”

The CO. a he ips is messured contine-
d o

ventiation perfusion nequaity. Anosthesia 1997:52.630-5)

% 3
Volume esbiled

Avesir g

gainst

Figure 8.16 Messurement of anatormical dead
space using €O, as the tacer gas. I the gas
pasing th alnts s s ooy arased
for CO, concentration, here s a sudden.
ool ptens e e e opoton
fgstarhe sl desd s
nstantaneous CO, concentration s i

s s s e
the CO, anayser), 2 graph simila o that shown s

Thisine wil indcate
the volume of the anatomica dead spaxs

hat the abscisa records votume rather than time,
25 00 with capnography performed in clrical
suations.



the volume actually expired. The alveoLnr plateau’ of
€O concentetion i ot fist bt slope

2 Rehder K, Sessler AD. Function of cach fang in
spontaneously bresthing man ancsthetized with
Anesthe

) 1973; 38:

dex
i pire B16 or by mathesmuialsolution’

Physiological dead space, Mixed-expired aic is collected
over 2 period of 2 or 3 minutes, during which time
Pco,

e g
blood m L ey o
inspired gas is free from de, physiological

deudspace s cicate by the olovwing for ofthe B
equation:

Paco, = Pico,

Physiologicaldead spa

it

o,
— apparatus dead space.

Alveolar dead space s measured 35 the difference
L
determined separately but at the same time. When only
the physiological dead space is measurcd, i is ften pos-
sible to attribute  large increase in physiological dead
space 1o an increase in the aheolar component, since
there are e circumstances in which the snatomical
dead space is grexly enlarged. Methods are now avail-

his an invasive measurement, but the
bedside assessment of alvealar dead space is row possi-

sample still makes
ble n critical care situations.”
| ey R e %
e e i
gt of the dheckr e PR s
shown to consist of 2 mixture of
e i e
has an apprecisble alveolar dead space, the end-
expiratory PCO; will be less than the arterial PCOy, which
imed to be equal to the ideal slveolr PCO;
I, for example, ideal shcolat gas s sz of
53kPa (40 mmHg) and the end-expiatory
found o be 2,63 s (20 mmbtg), 1 Foloes ha e
end-expiratory gas consists of equal parts of ideal alveo-
lar gas and lveolar dead space gas. Thus if the cidal
volhume is 00 ml and the anatomical dead space 100 ml,
then alveolar dead space and ideal alveolar gas compo-
nents would be 200 m cach.
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Chapter

KEY POINTS
B For gas o tansierbetween theaheolus and

dom movement of malecules and the term excludes
both active biological transport and transfer by m:

movement of gas in response to a foral pressure differ-

e (ie. The
diffuse across the alveolar and avulw mﬂs, ‘partial pressure (or tension) of & gas in a gas mixture is
through the plasma and across the red the pressure which it would exert if it occupied the
membrare. 2 y space slone (equal to total pressure multplied by frac-

tional ). Gas each direc-
also affects the rate at which red blood cell o but st a rate proportional to the partal pressure of
become saturated with oxygen on passing <he gas in the zone they are leaving. The net transfer of
through the pulmonary capillary. the gas is the difference in the number of molecules
= Transferof oxygen and carbon dioxide i very sty In s diction and & this proprtiond] 0
(o I SR oS difference in p ssure between the o
cause of impaired gas exct zones. Typical examples. GF usion e st 5 PR

™ Carbon monoxide, hmuse ofhs Ngh lﬁ\uylur
haemor a e 9.1, there is

capacity of the lungs.

The preceding chapters described in detail how alveolar
dmonary caplary blood e dekverd 1o
his chapter

ing
the ransfer of respiratory gases between the alveolus
and the blood

Nomenclature in this field is confusing. In Turope,

In each of the examples shown in i
tance 1o the transfer of the gas molecules.
e 9.1a, the resistance i concentrated at the
restriction in the neck of the bottle. Clearly, the nar-

neck, the slower will be the process of equi-
Hbesian with the ousid air, In Figue 9.1b,the sice of
s less circumscribed but
the slveo-

”éa

reduced haemoglobin in the red blood cel
9.1, the resistance commences with the delay in
of oxygen by haemoglobin and includes all
the interfaces between the RBC membrane and the site
of oxygen consumption in the mitochondris. There may
then be an additional component in the rate at which
oxyzen enters into chemical reactions.

o i e e, par-

e of the inding it some
of the barrier to oxygen transfer i unrelsted to diffusion
(sce below).

;
g

FUNDAMENTALS OF THE DIFFUSION PROCESS

Diffision of s goces by which s of
meleaisaks pace from azone in which the gas exer
epie ol n i g
Toweeparel resote. The mecharm of ronsfr s the

Inthe s constan]
e S PR g produtes & i
cennot be actained, a5 in the case of the open bottle of
oxygen in Figure 9.1a. Instead, a dyamic equilibri
atcained, with diffusion down 3 geadient between the
alveolus and the mitochondria for oxygen and the reverse
for carbon dioxide. The maintenance of these tension
sradients s, in fact, a characteristic of lfe.
In the case of gases that are not metabolised to a

Pl il e
‘anaeschetic agents, there is always a tendency towards a
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st el o ehich o s pacil resues
become equal to the partil pressure of the particular gas
i bl
the small effect of the respiratory eschange ratio) and
would also be attained with an inhalational anaesthetic
agent i it were administered for a very long time.

Quantification of resistance to diffusion
The prope

e e
B B aon,

i ofa s to diffe st ro of o gven
as its d,nus.,..g capacity

Net rate of gas transfer

Diffusingcapaci
18 C2PACY = partial pressure gradient

e usual biolgicaluni of iffusing capaciy s i
Bkt i Sl i 0

mall molccules diffuse more easily than large mole-
PR e R

21Pa st

Flgure 9.1 Three examples of ifusion of oxygen. In
each case there i a et ransfer of oxygen from lef

torightin sccordai the partil pressure
gradient.(a) Orygen passes rom oe gaseous phase
0 snother. (] Oxygen passes from a gaseous phase.

02 iquid phase. (0 Oxygen passes from one fauic

Meantissus
2a o)

2 gas is inversely proportional 10 the square root of its
density. In additon, gsses also diffusc more readily a¢
higher temperatures. Apart from these factors,inherent
i the gas, the resistance to diffusion is related directly
o the Jenth of the diffsson path e invarecy o the
arca of interface that s available for diffusion.

Diffusion of gases in solution

The partal pressure of a gas in solution in a liquid is
defined 3sbeing equal o the parcial pressure of the same
g 4 as mixeue that s in equilibriom with the iguid.
When a s isdiffusing into or through an aqueous phase,
the solubilty of the gas in water becomes an important
fictar and the diffusing capacity wnder these circum.
stances is considered to be diretly proportional to the
solubiliy. Nitrous exice would thus be expected to have
about 20 times the diffusing capacity of oxygen in cross.
ing a gas-water interface. High solubilty does not confer



an increased ‘aglity’ of the gas in its negotiation of an
‘aqueons barrier but simply means tht, for agiven partial
pressure, more molecules of the gas are present in the
liquid.

Partial pressure versus concentration gradients. Non-
gascous substances in solution diffuse in response to con-
centration gradients. This s also true for gas mixtures at
the same total pressure, when the partial pressure of any
coraponent gas 1s direcily proportonal £ s concentra-
tion. This is not the case when 3 gas in solution in one
liquid diffuses into a different liquid in which it has 2
different solublity cocfficient. When gases are in solu-
tion,the purl resre they exert s directly popor
olvent but inversely
10t sl ofthe s s te slven. Thas, i wafer
il oil 2

mixing of normal alveolar gas is almost instantancous

 the small distance from the centre 1o the periph-
o Pracie caleulaions e Impiesbleon sccount o the
Somples gty o e el b e averall off-
ciency of gas exchange within the lungs suggests that
ki e ol e o R 10 o e
sl to conider sheclr g of

when sub-

iffercat molecular weights.

This gencralisation does not seem to hold
jects inale gases of widely

(molecular weight 146) would diffuse six times
oo readily than hel (molecula weght 4) and would
the core of the

solved in cach, the partial pressure of nitrous oxide in
the oil will be anly one-third of the partial pressure in

centration gradient, by
gradient. It is therefore useful to consider partial pres-
it s it s s i on s s

alveolus. More recently, Landon et al. found that a large

184.5) could not be explained by alveols
shunt and appeared o be d
formity within the alvealus.’

lar dead space or
@ to failure o achieve
Nevertheless, it seems

and carbon dioside, which have molecular weights that
are not greatly different

of gases and vzpor the body
10 another. The same units of pressure may be used in
s, aqucous and lpid phases.

DIFFUSION OF OXYGEN IN THE LUNGS

s el s e pees from the
pulmonary capillary blood by a passive
,m. e of AT sexoniog 0 hysiea v, g
for 2 whil i ws beleved that oxygen vz actively
Sccreted into the blood (page 221). Tt is believed that

Alveoli contain a thin layer of sur-
rm.m e (poge 26) through which respiratory

the capillries bulge into the alvealus, with only a very
thin Iayer on the surface of the capillary bulges, thus pro-
viding the minimal diffusion barrier in the most vital

Tissue barrier.* Electron microscopy reveals details of the

diffusion equilbrium is very ncrly chicvedfor ocygen
duc

g the
esting subject. Thercfore, in these circumstances, the

apillary

i =
Hlood,sho in Figare 28, Ench sheols i ined with
b o

upkeo
not by diffusig capacity. However, when exercising,
while breathing gas mixtures deficient in oxygen or at
reduced borometic pressre, the difuing copcty
becomes important and may limit oxygen uptake

Components of the alveolar/capillary
diffusion pathway

The gas space within the alveolus. At functional residusl
capacity, the diameter of the average human alvealus is
of the order of 200 m (poge 19) and it is likely that

136

0.2 um thick, except where epithelial cell nuclei G
into the alveolar lumen. Beyond the basement
brane is the interstitil space, which is very thin where
it verlies the capillaries, particulaely on the active side;
elsewhere it is thicker and contains collogen and clastic
fbres. The pulmonaey capillaries are lined with endo
thelium, also with its own basement m

endothelial cell nuclei, The total thickness of the active
part of the tissue barrier is thus bout 0.5 m, contain-



in two pais of lpid bilayers sparseed b the interse
Bl

P B E il
R e e
et of an RBC, pae of which s thereore forced
into contact with the endothelia cell surface (see Figure
L8 The diftslon path throgh lsms ay heeloe
short indecd, but only a small proportion of the
L proximity with
the endothelium, much of the REC passing throvgh the
middlc of th

within the capillry is
kely to be mich lonser than the path through the alve-
olr/capillry membrane. A complex pattern of diffusion
gradients s therefore cxablished within the plasma
depending on the oxygen tension in the alveolus and the
Cs present.” This i discussed in more
detal below with respect o carbon onoxide.

sumber of R

Diftusion into and within the REC* Confining hacmo-
slobin within the RBC reduces the oxygen diffusing
capaciy by 40% in comparison with free hacmoglobin
slution. There are theee possble explanations for this
abservation. Fiest, there is now good evidence that the
rapid uptake of O, and CO by RECs causes depletion of
13 in the plasma layer immedinely surrounding the
REC Referred to as the “unsteeed layer', his phenom-
enon i mast likely to occur at low packed cell voume
(PCV) when adiacent RECs in the prlmonary capilary

Ve s of Bl N efore o
vith haemoglobin,  process tha i aided by mass move-
et of the hacmaglobin molecules caused by the defor-
mation of the RBC as it passes through the capillry bed,
in effect ‘mixing’ the oxygen with the hacmoglobin.
iCs change shape as they pass through capillaries
G0 sy e o) S i impor-
tant role in o
nce of diffusing capacity on
may result from reducing the unstired layer by ‘mixing”
the plasma around the RBC, from changes in the cell
membrane surface srea to RBC solume rato or from
asisting. the mass movement of hacmoglobin within
the cell. This has led to further studies in which the
deformabilicy of RBCs is reduced (using chlorpro-
marine) or increased (using sodium salicylate), which

nificance are recent studies on the effect of plasma

membrane. Oxygen uptake by RBCs in the luag, and its
release in the tissues, are both believed to be significantly
impaired by hypercholesterolemia, particularly in
tissues with high oxygen extraction ratios such a5 the

Uptake of oxygen by haemogiobin. The grester part of
the oxygen that s taken upin the lungs enters into chem-
ical combination with haemoglobin. This chemical
Sate il e ol s S

ity” did not necessarly giv
of permesbiiy of the lveolacapillary mermbiane

{

Quantification of the diffusing capacity for oxygen
The diffsing capacity of axygen is simply the oxygen
upake divied by dhe partl pressre radient from
alvcolar gas to pulmonary capilar where the rel-
cvant tension i the mean pulmonary capilary PO

Oxygen diffusing capacit

Oxyeen uptake.

Alveolar Po, ~mean pulmonary capillary Po;

The sl 0, ca b e it e e o8
accuracy (pase  chere are very serious problems

Al

The mean pulmonary capllary Po;. It is clearly impossi-
ble to make a direct measurement of the mean PO; of
the pulmonary capillary blood, and therefore attempts
have been made to derive this quanity indirectly from
Epssiia maR aRs
throughthe pulmontry callae

e calcst el ofth prabem was e by Bobe
in 1903 He mace th ssoumpton that, st ary point
along the pulmonary capillry, the rate of oxygen diffu-
sion was proportional to the PO, difference between
the alveolar gas and the pulmonary capillary blood at
that point. Using this spproach, and assuming a valuc for
the lenoruinimary e apliny PO, graient,
seemed possble to construct 2 graph of capillary 70,
lttd asint he tmethe blod e she po-
monary capillary. corve drawn on
frsom o ottt b e
o Bl et I el sy o e e o




[ e e e e e

i offhe o el e molecules

e sonsration e, the number

minishes and
rward resction must therefore
the law of mass action. This depends
s there-

o chemical combination
REC i Tarly constan 4p 19 0
a or 45 mms).

me zero at full sat-

gen.! Assuming

lefe of the
e, 35 shown by the continuous curve in

3 alveoar o, 1334Pa (100 mmHo)
L1 “This is discussed furt
2. As the capll
o of molccules of reduced haemoelobin
w0 the velocity of the fo
E diminish by
. n the haemoglabin dissociation curve ant
; fore ok simple expnential fancion of the acwal
“g PO, of the blood.
s When these o foctors are combined i s found she
the resistance to diffusion’ due
x of oxygen within the
- ’ saturation of abant S0% (PO, = 6 kP
Thereafter, it s very rap
57 wrstion. In view of these findings the Bohr integration
< procedure was elaborated to allow for changes in the rate
£ of combination of hzemoglobin
3 aditionsl values for the alveolar/end-<apillary PO dif-
2 ference, the resulting curve ies well 0 the
i - original Bokr curv
2 o s Figure 9.2a. This indicated a mean pulmonary capillry
Timein pimonsy capilars ) e b had proviowdy been belned ond
Figurea2 therefore an

chat was substan-

passes along the pulmnary capilares. The horizantal ne 2t

of the graph indicates the alveolar o, that the blooct

Po. is spprosching. In(a) the subjec i breathing air, whereas
+ e brok

ey et e s el T shosion
sccually more complicated still,as quick-frozen sections
of g show that the colur of atmodobin s

procedure on an assumed value for the alveolarfend-<zpillary
Po, gradient.

monary lood hi dihe
pulmonary capillaris. e pu.\mmun capillar

may pass over three

pulmonary capilsy Po; calcuated from each curve.

pulmonary capillary PO, which then permits calculstion
of the oxygen diffusing capacity. The validity of the
assumption of the slveolar/pulmonary end-capilary PO;

gradient is considered below.
u,.rwu...;lgl\ this approach, known as the Bohr inte-
sration re, was shown 1o be invalid when it was
Eatiaie fumhmcnm] assumption was untrue. The
ot proportional to ‘ho alveo-

Both the classc and the modified Bohr ntegration pro-
cedures for calcultion of mean capillary PO; depended.
citcally on the precise value of the pulmonary end-
copillsry PO-. The constructed curve (Figure 9.22) and
hercfore the decived mean capilary PO were consider-

rdcpilny P difernce (e 0 difusion o) nd

el PO o st any poine
16 would no ot b true f the wanser of axygen were
a purely pysicl process, bt the rceof tanser s st

to venous ad:
Ingenious attempts were made 1o

ixture). Figure 8.8 w1\| e
solve the slicolar/
but these

all limited by of oxyzen with
Bacmoglobin, which is )u[f(l:ml slow to compri
 to transfer of oxygen

proportional to 2 radient, for two distinct

1. The combination of the fourth molecule of oxygen
with the haemoglobin molecule (Hbi(O)s + O: =
Hb,(021,) has & much higher velocity constant than

faled o produce results that were compatible with
observed diffusing sy mainy because of the lack of
appreciation of the part played by the reaction times of
e

rward integration." This involved 2 new and enirely

i e bow) o he etuer of bl Have g



Pro = 63 60 17 mimbe)
Moderate exercse (Vo,= 1500 mlmirr’)

Breathing low oygen 0476 05 40
(Pho, = 7.3 kPa=55 mmHg)
Heavy exercise Vo, = 3000 mlmin')
Breathing ar 0436 <0001 <0001
(Pao,= 16 kP
0304 21 160

(Phe,= 7.9 kPa = 59 mimHig)

P, aiveolar P03 0, 0xygen consumption.

the pulmonary capillries. Starting at the arterial end of
he pulmonsry capillaries, the PO, of the capillary blood
is calculated progessively along the capillary until an
estimate is obtained of the remaining alveolar/capillary
Pos gradieot at the end of the capillary. This procedure
offorward intcgration was thus the reverse of the classic
spprosch whih, staring fom he sl ed-caily
Po. gradienr, worked backuwards to see what was hap-
pesingslonsthe cpilay

Forward. integrati portant.results (Table
01, They uggesed tht aiveolatend-<apilay PO s
Gients were very much smaller than had previouly been
thought.

Capillary transit time'®

Capillry trsnsit time is a most important factor deter-
mining both the pulmonry end-capillary PO; and the
iffusing capacity: 1t will e scen from Figure 9.2a that
i copiry ansic ime  reduced below 025 3 there
will b an appreciable gradient between the alveolar and
end-capillry PO:. Because the diffusion gradient from
alveolar ges to mean pulmorary capillry blood will
be increse, the oy iffsin copcity st be

B kmoriryeesiy e ik
i polesonary aply b volume dirided by the
pulmonasy ood flow (spproimatly eyl (0 cadic
o). This gives a normal G of the rder of 085

ik e e e ek
e pulor blood volume and many

e ndelgion prasleny; thers sppian to/be 4
R o i o kb e o o s

asshort as 0.1 1 or a5 lomg as 3 o* ave been suggested
Ies ol i s i o vt
ion and perfusion, there is a wide range of normal
capillary transit times affected by many factors such as
posure, lung volume, cardiac output. etc. Blood from
capillres with the shortest time wil ield desarurated
blood and this will not be compensated by blood from
copillrics with longer than average tansit times, for the
resson shown in Figure §.13

DIFFUSION OF CARBON DIOXIDE IN THE LUNGS

Carbon dioxide has a much higher water solubility than
xygen and, althongh its vapour density is greater, it may
mbrane about

casable roperions. All of this gnored the fac that
chemical reactions of the respiratory gases were suffi-
cicatly slow to affect the measured ‘diffusing capacity
and in fact were gencrally the limiting factor in gas trans-
Fer. The carrige of carbon dioide in the blood is dis-
cussed in Chapter 10, but for the moment it is suffcient
to note the essential reactions in the release of chemi
cally combined carbon dioxide.

1. Release of some carbon dioxide from carbamino

carrisge.

2. Conversion of bicarbonate fons o carhonic acid fol-
lowed by dehydration to release molccular cerbon
dioxide.



Carbon dioside. 137 20
Nitrogen o8 0515
Carbon monoxide o8 075
Nitrous oxide. 137 163
Helium 0125 037
Nitrc oxide 054 170

The latter reaction invalses the movement of hicarbon-

seaction would be very slow indeed if it were not
catalysed by carbonic anhydrase, which is present in
ind also on the endothelium.
ol of the e of this rection

complete within the normal pulmonary capillay transit
time. However, even if it were not so, it would be
of little signifiance since the mixed venous/alveolar
Peo; difference is uself quite small (sbout 0.8 kPa or
6 mank re an end-capillary gradicnt as large
as 20% of the initial difference would stl be o0 small
0 be of any importance and, indeed, could hardly be
oo by e b
Hypercapnia s, i fact, never caused by decreased dif-
ty’, except when carbonic anhydrase is com-
g5 such as acetarolamide (page
150) Pulomia o 2 iy heah e e
by other causes, usually an alveolar ventihation that is
inadeguate for the metabolic rate of the patient.
The assumption that there is no messurable differcnce
veen the PCO; of the alvealar gas and the pulmonary.
end-capillary blood is use
assumed to
e e
assumption is also made that ther
difference hetween end-capillary
We hav secn in the previous haptes (Table 82) tht
this is not strictly true and a large shunt of SO% will

cause an arteralfend-capillary PO gradient of about
0.4KPe

DIFFUSION OF CARBON MONOXIDE
INTHE LUNGS

Diffusing capacity is usually measured for carbon
monlde, for th vey peacid s bt he ffeny
of crbon monenide or h:«mm,\ubm s 50 high that the
partial pressure of the gas in the pulmonary capillary
blood remains esfmm o, The Formula for caeul.
o of this quandty then simpllis to the folowing:
Diffusing capacity for carbon monoxide
arbon mon
‘Alveolar Peo

pake

(compare with corresponding equation for oxygen,

the end of the c
fusing capacity are mlmin-" mmHe”!, though in ST uni
the volume of CO is usually described in molar terms,
i mmolmin” kP!

Measurement of the carbon monoxide diffusing copac-
tablished 25 a valugble routine pulmonary
inction test, which may show changes in a range of con-
ditions in which other pulmonary function tests yield
normal values. It does in fact provide an index that
shows that something is wrong, and changes in the index
provide a usef

®

function in seemingly healthy
mach mors i o rexpin 4. e i



copaciy for carbon monoxide in terms of the uaderly-

ing pathophysiology (see belorw).

Avesius

Diffusion of carbon monoxide within the alveolus,
through the alveolar/capillary membrane and through
the plasma into the RBC is governed by the same factors
dtapply o oxsenand hese e em i shone

The quantitative difference s due to the di
o ey s v ity o the o s (e
Tible 9.2). These factors indicate that the rate of diffu-
sion of oxygen up to the point of entry into the REC is
125 times the corresponding rate for carbon monoxide.

Diffusion of CO in plasma. The frequent use of carbon
monoxide for measurement of lung diffusing capacity
s focused attention on the diffusion pathways for CO
which, in spite of the slight differences in the physical
properties of CO and oxygen, are likely t0 be very similar
in vivo. Clearly, direct measurement of diffusion gradi-

ey is not possible, so attempts

apatomical sections of rapidly fixed lung tissue were

examined microscopically. Capillary dimensions were
analysed to calculate the mean distance for gases to

e otk ol RSC hmore rocent

analysis has assumed that there is a gradient of CO con-
centration within the capillay, with minimal CO in the.
centre and, using a “finite element analysis, has shown
that diffusion paths for CO are likely to be nonlinear.”
Figurc 9.3 shows a theoretical drawing of the CO flux
in the capillary st both high
showing clearly that except in seve
uptake is achieved long before diffusion to the centre of
the capillary is sble to take place. In spite of thes
detailed models, sgreement with observed CO diffusion
remains poor under most situstions.”

Uptake of carbon monoxide by haemogl
The affinity of haemoglobin for carbon monoxide is
sbout 250 times as great as for oxygen. Nevertheless, it
does not follovw that the rate of combination of carbon

must fist be displaced from haemoglobin according to
the equation:

s

Alvealus

i
bt
Figure 93 Matnematical model of ifusion paths for CO

the siveolus and the e blood cell RAC). The size and
direction o the artows ndicae respectively the magnitude and
direction o the CO flux. The RBC is assumed to be an nfinte
“sink for CO. s) Normal. Packed col volume 66%, under which

felative o copilary dlameter i drawn
kil amlcotibton it the el oty

makes o the difusion barie in total. (After
et

CO+HBO; - 0. + HBCO

herefore, the reaton ate of crbon monoxide with
haemoglobin is reduced w oy e of
e haemogobin s Hgh. The nbalaion of Aferent con
centrtions of oxygen thus causes cha
tion rate of carbon monoxide with the haemoglobin of s
aticne n serstae et s b il o sdy
different components of the resistance to diffusion of
carban monoxide in humans.

o e

Quantification of the components of the resistance
to diffusion of carbon monoxide

When two resistances are arranged in series, the total
resistance of the pair is equal to the sum of the two




individual resistances. Diffusing capacity is analogous to

iy i i
' This

of this chapter: Oy may be
values of oxygen saturation, by sudies

conductance, which s the reciprocal of resisance

fore,

St

fusing capacities of the two components.

! L
Cotal diffusing _ diffusing capacity for
capacicy for CO

Fco
Bk

d.m.ﬁ..‘s apacit
of CO in the blood

In theory, diffusing capacity of carbon monoside in the
blood includes diffusion across the plasma, red cell
membrane, diffusion within the red cell and the chem-
cal combination of CO with haemoglobin. However in
rivo, 35 in the casc of oxygen, the reaction rate of

with haemoglobin is @ significant factor This ‘diffusing

capacity’ for blood i cqual to the prodsct of the pul-
monary capillary blood volume (V<) and the rate of reac-

haemoglobin. The equation may now be rewrittens

blood volume. By repesting the messuremen of total
diffusing capacicy at different arterial osygen saturations
(obtained by inhaling different  concentrations  of
oxygen), it is possble to obtain two smulaneous equ
tions with two unknowns which may then be salved to
obtain values for Dmce and pulmonary capillary bloor
volume. plmanisg: agilacy o
elume by thi echmique yieds ol vaes between
60 and 110 ml (depending on subject height) whic
agrees well with a morphometric estimate of about
100 m, Normal slues ar shown n bl 9.3, inclding
the technique of measurement used, which has some
{aflence on he viboe obtangd robably becaseof dif-
fering lung volumes during the measurement.

FACTORS AFFECTING ‘DIFFUSING CAPACITY'

The basic principles of pulmonary diffusion described so
far indicate that there are three major mechanisms by
which diffusing capacity may alter: changes in the effec-
tive surface area of the gas exchange membrane,  change
in the physical properties of the membrane, or chnges
et the take of s by the RBC: Echof thee
mechasisms discussed individually and then
Slerfctos thatafec iffoon copaeis by hher -
tiple or unknown mechanisms will be describe

Most of the factors outlined in this sction vil apply
el toaxygen an CO iffson houehche mapr

1 1
ol diffusing. ffusing capacity of CO for
capacity for CO  the alveolar /capillry membrane.
1
* pulmonary capillry blood valume
eaction rate of CO with blood.
as follows:

Dico Do VexOen
The erm D s ofen descrbed simply 35 membone
Giffusing capacity. Do equals 0.8 Ding, under similar
Conditions (s Bile 83,
The ttl diffsingcspacky for carbon monoxide s 3
ime clinical measurement and is described at the end

ity
in the previous section.

Fackrsinfencing difsing capaciy by changes

Total lng volume, and therefore the aumber of alveoli
available for gas exchange, will clarly affect diffusing
capacity. However, only those alveol; that are adequately
ventilated and perfused will contrbute o gas




and the scatter therefore has an
importznt influence on the diffusing capacity

Sodysize. Sature nflences difin capacy divectly
owing <o the relationship between height and lung
voume. Normal vales for otal diffusing o
be calculated from the

Dt = 109 x height (m) - 0.067  age (years) - 5,89
(males)

formulse:

Dico = 7.1 % height {m) ~ 0,054 x sge (years) ~ 089
(Females)

A heslthy 30-year-old male 178 m tal would therefore
line» CO iffwing capociy of 1.3 mnolmin
(344 mlmin. g ).

Lung volume. Diffusing capacity s directly relaed o
lus volume and so is maximal at total lun
Difrns tchrigues o the mesmement of difusing
capsciy use different lung. volumes, s0 it s now
i esciie 5 sl ssualy medsis ‘s
s’ (g e ot wich s pacry v
helium dilution. Diffusing capacity
be measured a5 diffusing capucity per lize
alveolar volume, with units of mmolmin \kPa "1 !
(mbmin-mmbe 1),

e

Ventilaton/perfusion mismatch resutsin a physilogical
dysfunction that presents many of the festures of a
eduction in diffusing capacity. T, for example, most of
the ventilstion is distributed to the et hung and most of

blood flow to the right lung, then the

oxygen concentration (see Figure 8.14) and s distinction.
cennot be made by simple means.

posture. Diffsing capciy i subsanilly ncresd

Alveolar/capilany bloc s 4 erm waed i the put to
describe o syndrome characterised by reduced lung
volume, ressonably normal venkitry capaciy,hyper
sntbtion s soroal e

o
ifusing capacity that was believed 1o be
impediment at the alvealar/capillary membranc itself,
swhich might either be thickened or have its permebil-

ity 7o gas transfer reduced by some chermical abnormal-
i Evidene o sk s e vt e Found and

el of distrbinces in dstebution of vendlation
B
T will be clear that the oxygen diffusing capaciy may
e influenced by many factors that are really nothing at
allto do with diffusion per se. In fact, there is consider-
able doubt as to whether a true defect of alveolar/capil-
lary membrane diffusion is ever the limiting factor in
transfer of oxygen from the inspired gas to the arterial
lood.

cfusion.

Chronic heart failure and pulmonary oedema remain
the only likely causes of a membrane diffusion barrier

Jn plasma, by interstitial oederma increasing
thickness of the membrane or by raised ca
ot g the exdohoal and o
Teading o prolifertion of type I ikt ek
ening of the membrane.® Previous work with electron
‘microscopy showed that oedems fluid tends o accurm-
Tste on the inacsive side of the pulmonary capillay,
leaving the sctive side, and therefore gase

falure and the reduction correlates with symptom sever-
ity, whereas capillary volume increases only i severe
hesrt failure It is therefore possible that despite the
negative findings with clectron microscopy, heart failure
of s suitable severity over a prolonged period does induce

block described previously

when the
Biteof o edvced This
sange is probably explained by the ul-
B s i st
of perfusion of the lungs in the supine position.

Pathology. The total area of

membrane may be reduced by

the alveolar/capillary

) iffusing capacity
mainly by destruction of alveolar septa, such that Dico

Factors related to uptake of gases by haemoglobin
Haemoglobin concentration affects diffusing capacity by
infcncing the rte and amount of oxygen o CO uptske
by blood flowing throush the pulmonary capilur. Mea-
surements of diffusing capacty are_ therefore usualy
mathermticallycorected 0 sccount o sbmormaliic
the patient’s haemoglobin concentration

In the section above, it

changes in the hung*

has been explained how a reduction in capillary transit




time may reduce the dffsing capuci The mean i
time i when cardiac output is raised and this
may increase dlbl\mng ity sbmaniallyfor
example during exercise (see below).

Other determinants of di

ing capacity.
e Even when et for chnges n fng o,
Do declines in a linar fashion with increasing

so Worm b o sl koo s
city i with men, This difference is
o toaly uxplumed by .Jyﬁmm, in stature and
hacmoglobin concentration.'” Dico in women varies
throughout the menstral cycle, reaching a  pel i

Metanei

Figure .4 Diagrammatic representation o P, within the.
isues The vertical axs represents the actal P n the

10 menstruation, and scems to result fr
the reaction rate of CO with blood. The hndmg may,
howerer, represent a technical problem with measurin
Dico in that the low value during menstruation
could result from a high endogenous production
carboxyhaemoglobin during the catabolism of
‘compounds **

Exercise. During exercise diffusing capacity may be
double the value obtained at rest, as a result of increased
cardiac output causing a reduction in capillary transic
time and pulmonary capillary recruitment in
cependen g zons (pose 90). Becaise o thisge
cffect of cardiac output on the mezsurement of diffus-

ing capacity, some groups advocate wsing simultancous
noninsasive measures of cardiac output to
tation of the diffusing capacity resut® Paradorically
hypoacmia from diffusion limitation during exercise s
‘more common among elite, trained athletes than in the
xR gl aages e e
discussed in Chapter

aid interpre-

Racialorigin. In a US study of over 4000 healchy individ-
wals, Do wassignificanly losserinblsck subjectsthan in
whites.* The reasans for this are not clear.

moking bistory ffccts diffusing capacity cven when
e o the ber Geterminants ted m ths section e
taken into account. Do is reduced i proportion to the
namber of cigarectes per day currently smoked and the
toual ffetime number of cigare smoked.™
The causes of this decline in lung function with smoking
are discussed in Chapter 21

tes ever

DIFFUSION OF GASES IN THE TISSUES
Oxygen®*

Oxyen leaves the systemic capillrics by the reverse of
the process by which it entered the pulmonary capilar-

capilariesfrom the metareriole o the point o entry ino the
R ol RN S Kt
cours. apilary ith a rous) tween the
s e ms e helow “pots of P rom about
121Pa (50 10 thearterial end o the
LR e
enous end ofthe capilaies. This s the smplestof many.
possible models of tissue perfusion.

hemical release from hacmoglobin is followed by
ffion tivough the optlary wal nd thence T
the tissues to its site of utliation in the mitochondria
I an arca of tssue supplied by a single capillary there is
alongitudinal gradient i tissse PO with an exponential
decline between the metarteriole and venule. In
addion sround sochcapiln il Gahia s
may be demonstrated, with the rate at which

o e g e et 02
0 m away from the capillry in neural
tssue 0 0.013 KPa (0.1 memH) per um in the sitreous
humor of the eye. Figure 9.4 shows a madel n which an
o st s ot e el Eapiliie
Vertical height indicaces PO, which falls exponentially
alon, the line of the capillries, with troughs Iying in
between the capillaies. Five ‘low spots’ corresponding
to mitochondria are shawn. This diagram makes no pre-
tence to Hstologcal sccurcy but merely illstsesthe
diffculty of talking sbout the ‘m
is not an entity like the e ol L

Diffusion paths are much o i i 8
lung, n well-vasculaised tissue, such as brain, cach cap-
0 e s o i Sk Dy b s o
responding distance is about 200 um in skeletal muscle
and greater stil in f and cartlage, although in muscle
tissue myoglobin accelerates the rate of osygen transfer
within the cel

e mpracticale t talk shou e s PO s
this varies from one organ to another and must also
perlonl et el e activity

wean tissue PO, whic



sy s che difisigcspocy Thermem et
time s reduced when cardiac output s raised and this
may incese difsing cupahy mhmmny for
example during exercise (see below).

Other determinants of diffusing capacity

Age. Even when corrcted for changes in hn volume,
Dl declines in o linear fashion with increasing age.

2= e el ey il

el e by differences in statuce and
haemaglobin concentration.’” Do
it (s e rv«d»mg 3 pk pr

etareile

om 3
Figure .4 Diagrammatic representation o #0, within the.
tissues The vertical axs represents the actl Po n the

e St ﬁndmg i
however, represent  technical problem with measuring
Dico in that the low v dorng menstrsion
could result from a high endogenons production of
cuboryhaemoglobia. duriog e carsbolim of haem
comporn

reise. During exercise diffusing capacity may be
double the value obtined at est, 2 el of ncreased
cardioe output causing  reduction in capllary transit
time and_pulmonary capillary recruioment i non-
96). Because of tis large

f diffus-

ing capacity, some groups advocre using simultancous
el =yl e
ke d X y

Eoasbar fm o I dring oo
aman; ined athletes than in the

ual.* Physiological changes in excrcisc are
diseussed in Chaper 15.

Racialorigin. n s US study of over 4000 healthy individ-
wals, Dt was senifcandly ower in black subjectsthan in
whites." The reasons for this are not clear

Smoking history affects diffusing capacity even when
‘most of the other determinanss lisced in this section are
ken into account. Dico i reduced i propartion 1o the

iber of cigarettes per day currently smoked and the
total lifetime number of cigarettes ever smoked."
The causes of this decline in hung function with smoking,
are discussed in Chapter 21

DIFFUSION OF GASES IN THE TISSUES
Oxygen™™®

Osygen lean sstemic capillrics by the reverse of
Rty b pulmonary capillar-

capilares from the metareriole o the point of entry o the
venulefnot shown). The Po, flls exporentiay along the
cours of ach capllary, with  iough of Po between the

The it represent the low spots of Po, from about
1) the tssue close 10 the rteral end of the
capilares dow o less than 1 kPa t the mitochondra near the.
venotsend of he colares T s he sl of mary
possible models of tssue perfs

fes. Chemical release from haemoglobin is followed by

a longitudinal gradient in tissue PO, with an exponential
decline between the e

arteriole and venule.  In

addition,around exchcopilary 2 il sradint n tsue

Po, c demonrted, with the rate 3t which
ar 02

{15 mmHe) per jum avay from the capillary in =
st t0 0.013 kPa (0.1 mmHg) per jm i
humer of he ey, Fgue 4 shows  mode i whichan
of tissue is perfused by three parallel ca

Vericl height indicates Poy which s exparenil

along the fine of the capillres, with troughs lying in
s = il Bl o et e
to mitochondria are shown. This diagram
o gl ety ey et
diffculty of talking sbovt the ‘mean tissue PO’ v
v oy el

Diffusion paths are much longer in tissues than in the
e s e S S
illry serves a zone of radius sbout 20 pm, but the cor-
responding distance i about 200 pm in skeletal muscle
and greater still in fat and cartlage, although in muscle
S el fosles the e 7 G ks
within the ¢

Icis unvmmmblc © mu sbout mean s O
this varies from on e el
e e e




Furthermore, within a tissue there must e some cells

occupying more favourable sites towards the arterial
ends of capillarics, whereas others must accept oxygen
P i s ends of the capillaries, where the PO;
lower. This is well demonstrated in the lver, where
the contelobular cells must exs at a lower POy than
those at the periphery of the lobule. Even within a single
cell, there can be no uniformity of PO;. Not only are
thre o spox”sround the mitochondsia, but those
mtochondris nsgions o he cell et o the capil
e e o i e B

Carbon dioxide

Litdle is known about the magnitude of carbon dioxide
gradients between the mitochondria and the tssue cap-
illries. I is, howwever, thought that the tisuc/venous
Peo gradient can be increased by o methods. The
3 which impairs

the molecular weight > Urea (60 daltons, Da) has a frac-
tional clearance of the order of 0.07 per minute, whereas
for sucrose (342 Da) the corresponding value is 0.003
per minte and for albumin (64 000 Da) is of the order
of 0.0001 per minute. All of these clearances may be
greatly increased if the alveolar epithelium is damaged,
as in the permesbility type of pulmenary oedema (page
.

seful tracer molecule for the assessment of per-
acetate) with o malecular weight of
eing acrosolised into the hings, ts concentration can be
continuously measured over the lung fields i vico by
detection of its gamma emission. In the heslthy non-
smoker the clesrance is very slow, about 001 per minute
(half-time about | hour), but clearance is dramatically
increased in many different types of pulmonary damage

incll fo ol smoking, in which there is a
h

sodium ions can cross the epithe-

the uptake of carbon dioxide by the blood. The second
I8y ypernygention o th aecl blod cased by
breathing 100% oxygen at high pressures. I the PO, of
et ot exedsabaus 300 ks 2250 meski,
the dissolved oxygen will be sufficent for the usual
tssue requirements. Therefore there will be no signifi-
cant amount of redsuced haernoglobin, which is more
effective than oxshaemoglobin for carbamino carriage of
carbon dioxide, The effect of this on tissue PCO, is
likely to be too small to be clnically significant and the
alterative method of carbon diaxide carriage as bicar-
bonate seems to be adequate.

ALVEOLAR/CAPILLARY PERMEABILITY TO
NON-VOLATILE SUBSTANCES

The shveolar epithelium and the capillary endothelium
have a very high permeability to water, to most gases and.
alcohol.

0 lipophilic substances such as Hoie e

m i faly rapily, probably by an active process

e 389), but the rate of passage is affected by con-
contratin Bradicats, Thus, tonicsodium slutions sre
cleared from the alveoli more quickly than hypertonic

rovascular endothelium, with it larer inter-
\e]h:hr e s e

s snd there i normally an appreciable feak of protein.
Thus the concentration of alburin in pulmonary lymph
he concentration i plasma and may
spproximate the plasnia concentraton in
bl e e pmmmbdm
This problem is discusse o pul-
monry ocdema in Chapter 29

more permeable

er in relation 1

many hydrophilic substances of la me-
B E o lales oo A e hes s bty
a very effective barrier, Passage of these substances is
‘mainly through the gaps between the cells and must be
considered separstely for epithelium ond endotheliumn.
It was explained in Chapter 2 that the alveolar epithe-
lia type @ cells have very tisht junctions, effectively lim-
iting the molecular radits to about 0.6 nm. Endothelial
junctions are much rges, with gaps of the order of
460m

Passage of solutes across the alveolar/capillary mem-
= e ey by the clearance of 2 molecule
 the alveol (te. across the
sy s
alternatively, as a
Clesrance bears an spprosimate nvers relationahip to

PRINCIPLE OF CARBON
MONOXIDE DIFFUSING CAPACITY

All the methods are based on the general equation;
Vo
Paco=Fico
In esch case it is wual to assume that the mean
pamal e OB et monaside in the pulmonary.
oo (Pec) i effectvely .t , therefor
by ooy s the bR moneside wptake
) and hesicolar carbon moncrice tenion (Paco
e difusin capaciy so messured (DCO) 5 the total
diffusing capacity, including that of the alveolar capillary
‘membrane, plasma and the component due to the reac-
tion time of carbon monaide with haemoglobin.

Dea=

cp




‘The steady-state method

The subject breathes a gas miseure containing about
e for about a minute, After this
time, expire collcted when the aheola PO is
ey ot th i venoms P s ot et reched
2 level high <nough to require consideration in the
caleulation

The carbon menide -h (Ve0) s measured in
exactly the same way en consumption by the
pen mechod (paze 196) rhe amount of carbon monox-

presents no serious difficulty, though care must be taken
following general anaesthesia when expired_nitrous
oxide may affect the infrared measurement of carbon

dioside.* Alveolar PCO, for entey inta the alseolar air
cadon may be decermined b samplng el oo
st the oo the

T iy e e
S ikl S s e ikl
measure the end-expiratory PCO; but neither docs this
cqual the arteral PCO, in the presence of avcolar dead
space (see Figure 89).

The steady.-state method reqires no special respira-

ry manocuvre and s therefore particularly suitable for
wse in children.”

The single-breath method

This method is the most frequently used inclinical prac-
el b iy g ] e
“There sre man; variations on the exact method used,
ki, A ol St SEse P i el e
of techniques and factors affecting the results have
led o attempts to stndurdise she method betvreen

“The patient is first required to exhale masimally. He
then draws in 2 vital-capacity breath of 3 gas mixturc
containing about 0.3% carbon moroxide and sbout 10%
The breath is held for 10 seconds and 2 gas
sample s then taken after the exhalation of the fist
0.751, which is sufficient to wash out the patient's dead
bresth bolin e e ckn . prercome
mihisitmsin of tho e g

Teisaseemed that nc sgficasaroun of bl s
passed into the blood and, therefore, the ratio of the
concentration of helium in the inspired gas to th
centrstion in the end-expiratory gas, mulkipled by the

e

helium.

volume of gas drawn into the alveoli during the maximal
inspiration, will indicate the total alveolar volume during
the period of breath holding. The alveolar PCO at the
commencement of bresth holding s cqual to the
ratio multiplicd by the PCO of the inspired gas miture
Tt od- ety OO s el
Fr together with the tme of breath
mmm 1 poki 1 alalp the arbion imaoside
uptake an Pco. Lung diffusing
capacicy for carbon monoxide can then be calculated and
normalised for lung volume using the alveolar volume
measured at the same time with helium. These calcula-
tions are now usually performed automatically by com-
puter, which will also provide a ‘rormal’ value based on
the patient's sex, height, age and smoking scatus,

the mean alveolar

‘The rebreathing method

Someswhat similar to the single-breath method is the
rebreathing methor

breath holding. The calculation proceeds ina similar way
<o ¢hat for the single-breath method.
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KEY POINTS

CARRIAGE OF CARBON DIOXIDE IN BLOOD

the form of bicarbonate, production of which i

.
1]
ég
£
g
L
i
g

bufering of hydrogen fons by haemoglobin and

Carbon dioide belongs to the group of gases with mod-
erate solubility in water, According to Henry's law of
solbilty:

red blood cell by band 3 protein.
‘Smaller amounts of carbon dioxide are carried in
solution n plasm, as carbonic acid, or as
compounds fomed ik plazna

There s mm\allyismaﬂ e
arterial and alveolar Pco, caused by scatter of
ventilation/perfusion ratios.

Carbon diovide is the end-product of aerobic metabo-
T 1t s produced almot catiel i the mitechondiia
where the PC0y s highest. From its point of orign,
there are a series of partial pressure gradients as carbon
dioxide passes through the cytoplasm and the extracel-
lulor fuid into the blood. In the lungs, 1

fon equals the n
output and alvealar ventiation. Blood eaving the
e forpracclpupeses heome PO sl
olar gas and arerial blood PCO; is usall very close to
‘ideal' alveolar PCY

Abrormal levls of arerial PCO; occur in a number of
pathological states and have many important physilog-
b some as 3 result of

ical effects throughout the body,
changes in pH, and these are discussed in Chapter 23
Fundamental <o sll problems relating o PCO; i the

mechanism by
od!

which carbon dioxide is carried in the

Pco, m

CO; concentration i solution
The solubility coefficient of carbon dioxide (a) is
expressed in units of mmolIkPa~ (or mmol”
mmHg?). The value depends on temperature and
examples are listed in Table 10.1. The contibution of
dissolved carbon diaxide to the total carrisge of the gas
in blood is shown in Table 10.2.

As carbonic acid
In solution, carbon dioxide hydrates to form carbonic
acid:

CO: 4 H:0 = HCO, @
m cliite far to the left under
gical conditions. Published work shows some.
Sitgrecmnt oo the yalie oF e calibthcs Constnt
but i scems likely that less than 1% of the molecules of

not apply to cquations (4) and (5) below, where H.CO;

has its correct meaning.

Carbonic anhydrase The zeaction of carbon diovide
with water (equation 2) is non-ionic and slow, requiring
a perod of minstes for el o be tained. Thi
would be far too slow for the time available for gos
exchange in pulmonary and systemic capillaries if the
reaction were not catalysed in both directions by the



Data from references 2 and 3.

Whole blood
ot 740
P, (3) 53
(mmtig) 400
oo o) as
(mldr) 480
Plasma (mmol )
Dissolved CO, 12
Garbonic acid 00017,
Bicarbonate ion 24
Carbamino €O Negighle
Total 256
it b e oo
Dissolve 0as
e 588
Carbamino €O, 110
Plosma fracton of 1t of blood
Dsso 066
Bicarborate ion 1342
Totalin 1 e o blood (mmol 1) 250

737 0033
61 08
460 60
23 <18
520 40
14 02
00020 00003
262 8

Negligible Negigible
276 +20
051 007
592 008
170 060
076 010
e 099
230 +1.80

enzyme carbonic anhydrase (CA). In addition to its role
in the respiratory transport of carbon dioside, CA plays
a fundamental role in many body tissues, for example

whereas CA IV is & membrane-bound isozyme present in
pulmonary capillaies. There is no CA activity in plasma
Carbonicanhyos s sinc<onainiog ey oflow
he

tory organs, including the stomach and kidney, and the

i there is now
T he ol s ambras 6 GRS i, i
atom hydrolyses water to o reactive Zn-OH- species,

sozymes, of which two are involved in arbor
dioxide transport. Red bload cells (m«c-) contain large
amounts of CA II, one of the fastest enzymes known,

sl anser of carban diowide within both
el  The

while on st
removing the H- from the metal-ion centre and trans-
flring it to any buffer molecules near the enryme.

Carbon dioxide then combines with the Zn-OH- species




‘and the HCO formed rapidly dissociates from the zinc
atom. The maximal race of atalysis is determined by the
the enayme, os the

Kinet-

mundmg buffers to provide/semove H- jons to/from the

(‘mmm( sy i inhiied by o e nber

me drugs such as thiazide
Teicrocylic siphommmides, of
which acetazolamide is the most important. Acetazol-
amide i nonespecifc for the different CA isozymes and
o inhibits CA in ll organs ot a dose of 5-20 g ki and
has no other pharmacological effects of i
Acetazolamicde has been used extensi
carbonic anhydh

CA i such that more than 98% of actiity must
be blocked before there is any discernible change in
carbon dioxide transport, though when total inhibition is
achicved, PCO; grodients between tissucs and alveolar
s ore increased, pulmonary ventilation i increased and
alveolar PCO is decreased.

As bicarbonate ion
The largest fraction of carbon dioxide in the blood is in
the form of bicarbonate fon, which i formed by ionisa-
tion of carbonic acid thus;

H.CO, = H' +HCOj =2H" +COF  (3)

The second dissociation occurs only at high pH (sbove

Ky is about 6.1 and carbonic acid is sbout 96% disso-
cited under physilogical condion
According to t action:
D IXIHCO] _ @
[HCO.]

swhere K i the equilibrium constant of the first dissoci-
ation. The subscript | indicates that it is the first disso-
ciation and the prime indicates that we are dealing with
concentrations rather than the more correct thermo-
dynamic activities

Rearrangement mq.mm.. [4) sives the following:

M

, [H.COi)
) |Hm; 1
The lefi-hand side is the hydrogen ion concentration
and this equation is the non-logarithmic form of the
Henderson-Hassclbalch equstion.” The concentration of
carbonic acid cannot be measured and the equation may

be modifid by replacing this term with the total con-
centration of dissolved CO, and H,COs, most conve-
niently quantified as aPCO as described above. The
equation now takes the fo

]

. apco,
" [HCos] ©

The new constant K’ is the apparent firs dissociation
constant. of corbonic acid and includes a factor that
alowes for the substitution of total dissolved carbon
dioside concentration for carbonic acid

“The equation is now in 8 useful form and permits the
direct relation of

s Iydrgen fon concentrtion

all uantites that
Toe of K cannot b drived the-
nvaly by simul-
s of the three varibles. Under
normal physiological conditions, if [H'] s in amol.!,
Peo: in kPa and HCO, in mumol 1", the value of the
combined parsmeter (aK') s sbowt 180. IF PCO, i in
mmH, the vakue of the parameter s 24.

Most people prefer o use the pH scale and 5o f
e approach described by Hssehlch n 1916 and ake
logaithns o the recproca of esch term i cquation 5),
with the following familar result

[ xco,

PH=pK"+log

where pK” has an experimentally derived value of the
order of 6.1, but varies with temperature and pH (see
Table 10.1). “[CO:J" refers to the total concentration of
carbon dioxide in all forms (dissolved COs, H:COs and
bicarbonate) in plasma and not in whole blood.

Carbamino carriage

Amino groups in the uncharged R-NH; form have the

e e e o G

2 bk At bds i, h cubamic i then i
e e S

»
sroups that are found in lysine and arginine. Since both
hydrogen ions and carbon dioxide compete to react with



Poos i)
4

Peoy o

Figure 10.1 The broken Ines on the graph ndicata the
obino cariag ofcubon et dfrentevels o

gensted and  deowygenated blood (Figure 10.2).
Kithoigh the amunt of carbon diaside camid In the
blood by cerbamino carriage is smull, the difference
betaveen the smount carried in venous and arterial blood

slred buffering cpaiy sbamize carige was nok
demonstrated il much lacer (1934).°

Formation of crbanin compounds does nt reauire
ihe dsolved crbon o 10 be byded and 0
independent of carbonic anhydease. The reaction is very
1apid snd wold be of il inportance . oot
who had received 3 carbonic anhydrase inhibito

ffct offering power of protins

e o s bt o
than the acval Ao abscisal. Pins A and Vrep

lage n r@atlon o the acual amounts of carbamino carriage.

ncharyed amin sroups the iy to combin wih

pH dependent. The terminal
o st e ot ffecse o physlgll
pH and one binding sie per protcin monomer is more
B sufcient to acsount [ the ity of carbom
divide carrid s carbasmino compounds.

Carbamino carriage and haemoglobin. Ol e
quantities of carbon dioxide are carried in carbumino
compounds with plasma protcin. Almost al is carried by
huemoglobin and. reduced hacmoglobin is sbowt 3.5
times as effective as oxyhacmoglobin (Figure 10.1), this
being 2 major ne effect (sce
below). Carbon diaxide binds to -amino groups at the
ends of both the - and f-chain of hacmoglobin. Earler
studics of CO~hacmoslobin reactions using free hacmo-

slobin solution overestimated the magnitude of car-
bamino binding with hacmoglobin, 2 late work showed
that 2, 3diphosphoslycerate (2.3-DPG) present in vivo
antagonises the binding of CO; with haemoglobin. This
antagonim resuks from direct competition between
CO: and 2,3-DPG for the end-terminal valine of the -
chain of haemoglobin, an effect that is not observed on
the a-chains.

component of the Halda

The Haldane effect. This i the difference in the quantity
of carbon dioxide carried, at conssant PCO3, in oxy-

on carb

Amino and carbosyl groups concerned in peptide link-

sange of pH. In contrast s the imidazole group of the
amino acid histdine, which i almost the only amino acid
o be an cffective buffe in the normal range of pH. Imi-
daole groups constitute the major part of the consider-
able buffering power of hacmoglobin, each tetramer
containing 38 histidine residues. The buffering power of
plasma proteins is less and i dircctly proportional to
et hiidine coment

" il

u
¢ AN
{ £
) )
e cws e
&,
NH—¢—coon NH—d—coon
1
" i

Basic form of hsidine Acidic o o hotidine
The four hacm groups of a molecule of haemoglobin sre
sttached to the corresponding four amino acid chains 3t
ne of the isidme rsiduc on cch i g 175)
and the dissociation constant of the imidazole groups of
hese T iine ress s srrgly nfoence by the
state of axygenation of the haem. Reduction causes the
corresponding imidazole. group to become more basic.

he converse is also true: in the acidic form of the
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imidszole group of the histidine, the strength of the

nd is weakened. Each reaction is of great
physiological interest and both effects were noticed
many decades before their mechanisms were elucidated.

1. The reduction of hacmoglobin cses I 1o become
Thi

accounts for part of the Haldane effect, the other and.
greater part being due to increased carbamino carriage
bove

2. Conversion to the
I iy of the corponding
for oxygen. This s, in part, the cause of the Bohr
effect (page 177).

basic form of histidine causes
ssem group

stant at 5.3 kPa (40 mmHg), and this would correspond
roughly to the addition of 3 mmal of base to 11 of blood.
“The normal degree of desaturation in the course of the
Siipe o el e et ps C o
pH increase of about 0.007 if PCO.

i fact, PCO; riscs by about 08 kPa
(G, which would cause 3 decrease of pH of
0.040 i the oxygen saturation were to remain the sam.
“The combination of an increase of PCO; of 0.8 kPa and
2 decrea jon of 25% thus results in a fall in
pH of 0.033 (see Table 10.2).

Distribution of carbon dioxide within the blood
Tble 102 shows the forms in which crbon doide

caried in normsl arterial and mived venous blood.
Allonghs he st  Conied 1 sfeione el mi

Total deoxygenation of the b blood would

aise the pH by about 0.03 if the Poo, were held con-

152

e (Figre 103). Within = plasma there is litde
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Figure 103 How carbon dicxide enters the bload in moleculor
form. Within the plasm, there s oly negligible arbarmino

on dioxide in blood

bonic anhydrase i the RBC. Howerer, accumulation of
ok clila et BiCachmie cad will sy
tip the equilibrium of the reaction against further disso-
ciaton of carbonic acid, a ituation that is avoided in the
RBC by two mechanisms.

Hosmoglobin buferin. Hydrogen onsproduced by car-
‘bonic anhydrase are quickly buffered by the imidazol
s s et i e b
described above. Once again, the concomitant fll in
haemoglobin saturation enhances this effect by increas-
ing the buffering capacity of the haemoglobin.

Sembeton A it TG0 et i

intain electrical neutrality across the RBC mem-
was first sugsested by

brane.
Hamburger in 191, and believed to be a passive
process. It is now known to be facilitated by 2 complex

teophoresis plate.”** Band 3 exchanges bicarbonate and
chloride ions by a ‘ping-pong’ mechanism in which one
fon fist moves out of the RBC before the ather ion

cariag by plasma poteins and o slow i of byationto_ moves imwards, i contast to most other fon pumps,
e whid exchange the two ions. Band 3
otcin proteins in the

greter where
conditions for carbamino carriage by haemoglobin) are more
favourable. I sdditon, more rapic formation of carbonic acd s

fferig and.
ofthe red blood celin exchange for chloride) by the.
Hamburgershit

chemical_combination of carbon dioxide, for three

Second, there is fttle buffering power in plasma to
promote lhrdmo(n\)m\ofmr\mm:ﬂ(ld Third dhe for.
mation of carbomino compounds by plasma proteins i
- s s b s i o aaria
venous blood.

Canbon diexide can, however, diffuse freely ino the
RBC, where two courses are open. Fist, increasing intra-
a0 il racase combamins carrings OF CO;
1 gt an et owly enbarand Gy-the
n oxygen saturation, which is ikely to be occurring at
the same ime (e
bydration and diss
651 i o, o, ook b W sesdenes o .

RBC (Figure 10.4).71¢

+ RBC cytoskeleton. The cytoplasmic domain of band
acts 35 an anchoring site for many of the proteins
involved in the maintenance of cell shape and mem-
brane stabilt, such as ankyrin and spectrin. A genct-
ically enginecred deficiency of band 3 in animals
reut in sl s, sheral REC* RC hape
and deformbility are now known to be import
o i bt i
sl chat b 3 v in ringn bt these
shape changes
ot saiicansBand 3l lly sl
th carbonic anhydrase and the protein complex
formed is belicved to act 25 a metabolon, 2 term
describing the channelling of a substrate directly be-
tween proteins that catalyse sequential reactions in a
In this case the substrate is
bicarbonate, which after its formation by CA is trans-
ferred directly to band 3, which rapidly exports it
from the cel
+ Hacmoglobin. Band 3 is also associated with haemo-
globin, with which i is believed to form another
metabolon system exporting nitric. oxide-derived




nitcosothiols, possibly to regulate capillary blood flow
sn elese from hacmoglobin (e 191

volved

Gy smepmes. Same of e ermmiivl

aldolase, are bownd to band 3; the functional signifi-
cance of this is unknown.
In thepuloney cpllacy where P ¢ o te s
of events described above ges into reverse and the C
Sl o he oG e e i

Dissociation curves of carbon dioxide
re 10.2 shows the classic form of the dissociation
et ool i
cension. For decades there b reat. interest in

Citves thr rlate any i of i o (1) s
Peo, “These
cl

bicarbonate concentrati

tion 7) and thercfore the third vari
c derived from the other two, The most
e e L Siguerd-Andcrsen plo, which reris log
Peos 10 pH (Fieee 105], hongh iy ochss bave
een deuibed. These graphs con bt v 1o ceplore the
e T
alance, but care must be taken in using these in vitro
dor in s, For e, the FCO4 of i

i ptien: s altred, the pH chanes re not the same

frecly across the various interfaces, and experimental
i inthe

of
naclldr proten. (o) A e e
intain and possibly ate red el

o oot sopiee i w3353

o dy export icarbonate |
from the red cal. () Haemoglobin, with which

oxide. (d) Glycobytic enzymes
Signfcance of ths assocaton s unknown

arcerial blood of an intact subject when the PCO; is

acutely chang

*+ The el pH resches  sady st within mimtes
of establishment of the new lexel of Pt

T e gt e imile Bawaea
pH changes obtsined in vitro with plasma and whole
blood after the same change in PCOy. That i o say,
the in vivo change in pH is greater than the
change in the patient’s blood when subjected to the.
same change in PCO;.

FACTORS INFLUENCING CARBON DIOXIDE
TENSION IN THE STEADY STATE

In common with other catabolites, the level of carbon
dioxide in the body fuids depends on the balance
between production snd elimination. There is a contin-
wous gradient of PO, from the mitachondri to the
expired sir and thence to ambient air. The PCO, in all
cells i not identical, but is lowest in tissues with the
Towest metabolic activity and the h‘gl\eu perfusion (e
skin) and highest in tisues s with the highst metabolc
i focabat T o (4 phsonim i)
Therefore the PCO: of venous blood differs substanislly
from ane tssue
In the pulmonary capillaries, carbon dioxide passes
into the alveolar s and this causes the alveolar PCO:
10 ise steadlly during expiration. During inspiration, the
inspired gas dilutes the alveolar gss and falls
by about 0.4 kPa, imparting a sawtooth curve to the alve
olar PO, when it is plotted against time (Figure 10.6)
Blood lesving the pulmonary capillaries has a PCO;
that i verycloe o hat of the e s, and here-
fore varies with time in

lar PCo. There s also a s egioal vt with POR
fatio of dif-

i same manner a5 the alveo-




Figure 10:5 A number of CO, equilbrium
corves pted o e coodnates pHlog.
P,

Peo, 6o

linear over the physiclogicalrange. pH =740
Ho)are the accepted

The broken curve i the
clrine fom nomd anacst
(H 15 ) whose Pco, s acutely changed ™

ferent parts of the hung (see Figure 8.12). The mixed
arerial PCO is the integrated mean of blood
ferent parts of the lung and  sample drawn over several
scconds will average out the eyclical variations,

It is more convenient to consider partial pressure thin
content, because carbon dioxide abways moves in accord
with partial pressure gradients even if they are in the
opposite direction to concentration gradients. Also, the
conceps of partial pressure may be applied with equal
senificance to gas and liquid phases, content having a
tather different connotation in the two phases. Further-
more, the cfccts of carbon dioxide (.5, upon respira-

partial pressure snd.

e bl e P s i
mentioned in and in this chapter they will he
dravn sogether, lluscrating their relationship o one
another. It is convenient first to summarise the factors

influencing the alveolar then to consider
the factors that influence xhe relanomhvv between the
ahveolar and the arterial PO (Figre 10.).

‘The alveolar PO, (Pacc,)
Casbon diovide s consantly bein added 0 the sheo,
lar gas from the pulmonary arterial blood and removed

o 1 by the kvl ventlatio. Thevefore, ignoring
inspived corbon dioxide, it follows that
achon dioxide outpnt
Alveolar ventiltion

Alveolar CO; concentration

This

the alveolar concentration.

matic relationship is the basis for prediction of
of any gas that enters or leaves

128), for which the version for carbon dioxide is a5
follows:
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“The mouth 3
o, flls s the commencementof inspiratin but does notrise Wi the range 150-200 mimin and the aiveolr Pe0s s
largely. v

washed aut. The aiveolr

0 o s e srtoms dexd pace s vished . The
aiveolar £, then fall il expiation commences.
imparts a sawtooth curv to the aveola PCD,

Figure 10.7 These normal

=305
Fico, = 364Pa 27 mmiia) in Pco, between end-expiatory gas, ahveolar gas and.
h J blood,

I difference depends onalveolar dead space and the very

/~ maldisributon; he veolr/end-da expitony o,

Bosal CO;cutpur Alveolargas of U atios makes  smallcontrbuion to borh.

162l STED P, =Peco,

dm<mmeud-m\y|mw ilonal 10 CO, output and
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dry s
Alsolsr PCo; = barometric (72 i0sired CO:
pressure
O cupme_)
.
Svealr vensiation

This equation includes all the more important factors
influencing PCO: (sce Figure 10.8), and exarmples of the
hyperbolic relationship between PCO: and alyeolar ven-
tiltion are shown in Figure 10.9. Individual factors will
non be considered.

The dry barometric pressure is not a factor of much
and

PCo by mare than 03 KPu
(2mmHg). Ac hish e hypoxic drive to venti-
latian Towers the PCO; (see Chapter 17).

The mean inpied €O, concentation, The el of

o
ol vernation iin YETPS)

i 102 T s o CO it v yrion nd
The owest curve:

s the reationship when the €O,

output s 200 mlmin” and there s an inspired CO,
oncentration of 2% Two percent CO, i equivalent to sbout
19403 (14 mmHg) 3nd each point on the bioken curve s

inspired carbon dioxide on the alveol
1, for example, a patient breathes gas (ur\lmmng it
carbon dioxide (PC KPa or 30 mmHg), the shve-
s PO, il b e 4DL0n b th vl U
woul here were no carbon dioxide in the inspired.
i e factos,inclading ventltio, remained the
o Bociectpur T =oe dioxide autput and
cdly influences the alveolar

lood iss. The unsteady stte s con-
sidered in more detal laer i this chapter

Alveolar ventilation for present. purposes means the
product of the respiratory frequency and the difference
tidal volume and the physiological dead
18). It can change over ery wide limits
i is the most important factor influencing ks
Factors gaveraing ventilation are considered
Chapter 5 and dead space in Chapter §.

The concentration effect. Apart from the factors shown
in the equation above and in Figure 109, the alvcolar
PCo; may be temporarily influenced by net transfer of

Soluble inert. gases across the alveolar/capillary mem-
brane. Rapid uptake of an inert gas increases the con-
centration (and partial pressure] of carbor
oxyzen) in the alveolar gas. Thi
the begningof an anesthetc when g quanticsof
s aide ar prsin fom the heolr s

passing from the body into the. 1Iwnl=r gas. Th
i it ot ke mer i snd S &
ik e of vl oo el PO

occurs dur

The end-expiratory PX0; (P

I the normal, healthy, conscious subjec, the end-

ey desota T Jowere,
ed bt not

eprstny o (s Figure 5.9 Asa reol, the end-
expieatory PCO will be lower than that of th alveal
Gas cannot be sampled selectively.
from th perfused ool Howeser, since aicrl PcO:
usually approximates closely ¢ Po

perfused alveali (see below)
arterial and end-expirator
existence of an appreciable proportion of underperfused
alveoli. Studies during snacsthesia have, for example,
showen an arcerial/end-tidal PCos radient between 0.7
and 1.3 kPa (5-10 mmHg).'"

which are perfused.




Supply ke

Figure 10:10 A hydrostatic analogy of th
eliminaton of carbon dioside. See text fo full
descripion.

oo
¢ »
1 . H
o un Sion
0 compariment compariment compamert
‘The alveolar/arterial Pco, gradient vl i it of accord with metabolic

For reasons that were discussed in Chapter 9, we may
any_signifcangradicne

end-capillry blood (page

however,be slightly grcnlcrlhun(hcmc‘ma]vcnhrl’co-
bec or scater of ventilaion/perfusion
i + govaning the magnitude of the gradent

os. F
et consiered n Chaptes 8, whee It v shown that
2 shunt of 10% will cause an slveolar/arterial PCO, gra-
dient of only about 0.1 kPa (0.7 mmig) (see Figure
8.10). Because the normal degree of ventilation/perfu-
sion atio scatter causes a gradient of the same order,
eiher s mch sgnfcscefor carbon dxid (i con
trast 1 oxygen) and there is an established convention
by which the arterial and ‘ideal” akveolar PCO values are
taken to be identical. It is only in exceptional patients

with, for example, a shunt in excess of 30% that the gra-
it i kel to éxcecd 0.3 KPa (2 ).

The arterial PCo, (Pace)

Pooled resuls or the normal arerial FCO: reported by
various authors shotw & mean of 5.1 kPa (38.3 mmHg)
with 95% limits (25.d) of £1.0KPa (7.5 mmHg). Five
percent of normal patients wil lie outside chese limits

ecred o

ctivity, o change only slowly and
new equilibrium levels are only attained after sbout
20-30 minutes. In conteast, corresponding changes in
oxygen levels are very rapid.

Figure 10,10 shows 2 three-compartment hydralic
model in which depth of water represents PCO; and the
volume in the various compartments corresponds to

dioxide. Th

presents the central chemoreceptors. The rapid
representscirculating blood,  brain,
incys and other well-perfused tissues. The medium
comparcment represents skeletal muscle (resting) and
other tissues with a moderate blood flow. The slow com-
partment includes bone, fat and other tissues with a large
ST e e e
n time constant (see Appendix F) and the long time
constants of the medium and slow compartments buffer
S s
spensentiation is represented by 3 wide opening of
ith subsequent cxponenial decline
mpartm com-
Foriment falng most cuicky The foe of Py decrease
35 governed primarily by ventiltion and the capacity of

sather than the normal range. There is no evidence that
Peo; is influenced by age in the healthy subject,

CARBON DIOXIDE STORES AND
THE UNSTEADY STATE

The quantity of carbon dioxide and bicarbonste fon in
large, about 120 1, which is almost
100 times greater than the volume of oxygen. Therefore,

the body is very

s fundsmentally different.
of PCO, increase is now limited by the meta-

sise is musch slovver

than the rate of fall, which s fortu-
ate for patients in asphyial situations.
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5 Figure 1011 Time courseof changesin end
.

cidsshow he carge alloving 1 edocon

n ventition from 1210 3.3 Lmin ' n the same
e g e il m bl et
change is completed n about 3 minutes; duing.
the ise n #C0, halfchange tokes
approximately 18 minutes.

E)
e versilaion i)

W ol méabilaly prodioed cabon dide s
tetsined, the rate. oy i of the arder
" mmHgmin 5 nm s the

ill be
cal curves for
and decrease following step changes in
time course of
ventilation is faster

Peo, increase
senlation of saeshetised patcrts. Th
peo: rise

¢ step reduction of

when the vmvmls level of ventilation has been of short

duration."”
The di in the rate of change of FC
et s e change i venilation (s e 111) o

two important implications for monitoring and
srement. Firs, changes in PO; (or oxygen saturation)
il ofen provide an calie waning of ace bpoven-
iation han will th capmogram, rovided tha th sve-
lar POs i not mch above the normal range. Howeves,
i th steady state PCO; sives the best indication of the
adequacy of ventilation, because osygenation Is o
htz\'ﬂ\ infiucnced by intrapulmonary shunting and the
. step changes in

level, the respiratory exchange ratio must e
o e b esmia e b
process of the body.

Cardiac output and CO, transport. I the normal subject,
fuctuations in cardize output have lttle effect on art
rial, alveolar or end-expiratory PCO: hecause of the effi

long ag0
increased alveolar dead space caused by an i
the number of non-perfused but ventilated alveoli (zone
1, page 97). IF low cardliac output i sustained for more
than a fea minuies, blood PCOs will rise and the expired
PO, netms towards. wornal s che Hlood pasie
thnoghprfoed i reeses more carbor dioxide
the expired gas
‘Apart From being a usefl carly warning o cardiovas-
cular catastrophe during anaesthesa, the measurement
of expired carbon dioxide has also been advocated during
resuscitation, both 3 1 method of
ficacy of chest compressions and as an
iindicator of the return of spontancous cardiac output =

APNOEA

Vhen a patient becomes aproeic while breathing air

46 mumHg) and a fll of P, from 14 t0 5.3 kPa (105 to




40 mmHg). These changes correspond to the uptake of
230 m of axygen but the output of only 21 ml of carbon
dioxide. Carbon dioxide appears to reach equilibrium
within about 10 seconds, 2 whercas oxygen would take
about o minute, being limited by the sbility of the
cardisc output and the arterial/mixed venous oxygen
content difference to remove some two-thirds of the
oxyeen in the alveolar gas (normally abous 450 ml).

upon the patency of the airway and the composition of
the smbient gas if the aioway is patent,

th airway occlusion. As described sbove, there is rapid
attainment of
venous PCO,. Thereafier, arteril, slveolar and mixed
venous PCO; values remain close and, with recirculstion
of incrsse
0408 KPorm

8
4]
ii
£
33
a

0, decresses close to the
® 2 minute end the
decreases further as recirculation continues, The lung
volume falls by the difference between the oxygen
spiake and the carbon dioxide output. nialy the rae
ould be 230 - 21 = 209 mlmin. The change in alveo-
Jar PO, may be calclated, and gross hypoxia supervenes
after about 90 seconds if apnoca with ainway occlusion
Fllowisar icatig kel o

With patent airway and air as ambient gas. The inicial
changes are as described above. Howexer, instead of the

e e

PO, would be of
(650 menHl), and therefore the patient could theoreti-
cally survive sbout 100 minutes of sproca provided that

alveolar the order of SSkPs

toas apnacic mass movement oxygenation or dif-
Rt respration, The

oxygenation during apnoes,  particularly.

choscopy,* and remains a useful technigue for short
periods during aicway susgery ngectomy;
Howene bypercpnia i n et fsure of the
technigue and arterial CO: values as figh as 18.7 kPa
(140 mmH) have been reporte

CARBON DIOXIDE CARRIAGE

DURING HYPOTHERMIA

Understanding the cariage of CO during hypothcrmia
isof imporance bth to clican ivolvd i the care

of bypothermic paicnts an t the comparsie hysi
ologist studying differences between swarm-blooded
el A [pmkﬂolhcrm anic

Thse o iverse areas ofphysilogy have oer
Tecent years comerged o pradoce o ltematvetheor
P e e
temperature.

T common with most gases, carbon dioxide becomes
more soluble in water as temperature decreases (see
Table 10.1) such that, in plasma, maintenance of the
same PCO, under hypothermic conditions vill require 1
greater total CO, content. In addition, decreasing tem-

*and O~

degree.

209 mimin"), this volume of s
imass moverment down hetrachea, I heambien: s s

Celsius full in temperature® If CO; production and

il it
o byposia supersens e sbos 2 mites. T
likely <o occur when the accumulated nitrogen bas
reached 0% Srve 1 vl cabom diosile o
tration will then have reached about %. Carbon dioxide
eliminstion cannot occur as there is mass movement of
air down the traches, preventing loss of carbon dioxide
by either convection or diffusion.

il

Wath patent inaay and oxygen e the ambint g,
Osygen is continuously removed from the alveolar gas

as described above, but is replaced by oxygen drasn

i by N

ole gt e sl PO ony flls st the Poos

be expected to result in alkalotic conditions in both the
intra- and the extracellular spaces. Different animals are
ebered 0 esporc o these changes i e woys, 8
follow

The ph-tat hypothesis * as the name suggests, involses

nating mammals. Indeed, it s thought pos
high PCO: and the resulting intracellular acidoss, may.

contribute 1o the hypothermic ‘sleep’ stat

2597 [n ehis sit-

rises (about 0.4-0.8 or
Toees e ol b i seriously hypoic
for several minutes. If the patient has been breathing
100% oxygen prior o the respiratory arrest, the starting

pHL of the nimal is allowed to change in
sical_chermistry laws described
the blood pH, again

wation, the
Keeping with the phys
above. As temperature flls,



messured at the animal’s body temperacire, increases.
Studies of protein function and acid-base disturbances
have revealed the importance of the a-imidazole moicty
ofhistidine in buffering changes in pH, and that the state
of dissociation of these aimidazole groups is crucial to
protein function. The pK of a-imidazole i uique among
amino acids in that it changes with temperature to a
similr degree as the dissociation of water.” Thus s tem-
persture decreaes, bood ad tiseue g e bt he i

Mass spectrometry. This powerful sechaique is estab-
lished a5 an alternative method for the rapid analysis of
curbon dioxide. The cost is much greater than for
infrared analysis, but response times tend to be shorter

re is ususlly provision for analysis of up to four
g ot the same time. [n spite of this, mass spectrom-
etry for measurement of respiratory gases remains exsen-
ally  research tool

aimidazole,
femains loe 0 normal Most pmkl\ulhenm: ammals
o i o el
s o o e o e
s Lo R s ) type
conteol of some vita tssues such as heart and brain.
There is controversy about whether the bload gases of
hamans undergoing cardiac surgery during hypothermia
ol be manag by che sphstat or the st ke
rial blood deaver from

the cold patient is warmed t

Blood

Hiscorically, e e il bood1n
equilibrate with gas, in which the CO, concenteation was
hem esasrd The s pactcal o, called bbbl
enaert e Heras S e L PRI
progressively refined for over 100 sears. However, the
technique always remained very difficult to master and
dissppeared from use after 1960. The death knell of
chese methods was sounded by the development of the
by d-And o

of Peo, and the mmmpu\mm ary bypass adjusted to
achieve normal values. For pHostat control, PCoy is
ed a1 37°C but mathematically corrected to

o form of blod s management sl n difernces

Copenhagen. In their_approach, PCO; of blood.
measured by interpolating the actual pH in 2 plot of log

became 2 praticl propositin fllowing th introdc.

tion of the micro: described by Sigaard-

Andersn el n 19605

s s ee ik il e e

have given way ©o the usiges letcade wich,
ifo

in poten. wellbeing during or oficr bypotbermic
surgery, except at very e en pH-stat
may be superior. !

OUTLINE OF METHODS OF MEASUREMENT
‘OF CARBON DIOXIDE

Fractional concentration in gas mixtures

Infrared analysis. This is the most widely vsed method
for rapid breath-to-breath analysis and is also very con-

venient for analysis of discrete gas samples.

ing and calibrating with a known concentration of carbon
dioside n a diluent gas mixture that is smilar to the gas
sample foraalyss,Infaed saysrs are avlble v

in 300 s and will follow the
A the resplstony freqiency s

a distant machine, as mixing of the inspired and expired.
guses occurs along the sampling tube. Caprography is
described in more detail below:

technical expertise. Analysis may now be sa m(:rmnl\
erformed by uncrained staff on o do-it-yourself basis
with resuls svaiable within 2 minsces
escribed by Severinghaus and Bradley in
1558, and allows the PCOy of any g3 or liqukd 1o be
determined ditectly. The PCO: of a flm of bicarbonate
solution is allowed to come into equilibrium with the
PCo: of a sample on the other side of a membrane per-
mesble to carbon dioxide but not to hydrogen ions,
wsully PTFE. The pH of the bicarbonate solution is con-
stansly monitored by a glas electrode and the log of the
PCo is imversely proportional to the recorded pH.

The technique

Handiing of blood samples™ Tt is important. that
samples be preserved from contact with air, including
bubbles and froth in the syringe, to which they may lose
carbon dioxide and cither lose or gain oxygen depending
on the relative PO of the sumple and the air. Dilution
with excessive volumes of heparin or ‘dead space fluids
from induwelling arcerial cannulae should be avoided. At
very high PO: values, oxygen can diffuse across the wall
of plastic 5
preferable. h
the PCO; of blood in vitro rises by abous D.013 kPa per




min (0.1 mmHg min') at 37°C, whereas POy Mm a
0.07-0.3KPa (0.5- s pes o o

the PO, These changes result bobscuny
il i the white el I rap sy 1 ot P
ble (within 10 inues) he spcimcn shold be sored
o ice, which reduc arbon dioxide production and
arygen consumption by st 0% Moden blood gas
analysers invariably work at 37°C, so for patients with
abnorml body temperatures a correction factor should
be applicd. Nomograms allow correction for both pre-
patient. temperature® and

analytic metsbolism and

examples are shown in Appendix E (Figures E.1 and
E2)

The method uses 2 ‘photoc
which consits of & small ptica Hove
(140 um diameter) L Ity
lengeh i passed to i corporated into
e ip o he e, which e within he patene’s rery.

Phase
A

The dye may cither sbsorb the light or fluoresce (give
off light of a different wavelength) in 2 pH-sensitive

fashion and these char transmitted back to the
analyser viathe same or  second opical fibre. For analy-
sis of Paco, the pH-sensitive optode is again enclosed
within & CO,-permezble PTFE membrane with  bicar-
bonate buffer as for the PCO-sensitive elecirode but on
a very sl scle. The curent gencrtonoftsner.

ial semsors are reasonably accurate, with 2 precision of

0403 ke (-5 manii

Capnography*®

Capnograms consist of plots of CO: cancentration in

sirway gas sgainst cither time or expired volume.

Despite the curves being of similar shape (Figures 8.16

0 10.12) ey comtan it et nfomaion: o
both inspiratory and

allow calculation of anztomical dead space (see Figure

PR Ot et
trace showing of the respiratory cycle
fishisali-de i e
‘capnogram. See text for detais. (b)Dasted fines
show abnormalites of the race, which may.
occur separatelyor together. A, varying alvealar
time constans (page 113)such as i asthma:B,
phase IV terminal upswing seen in pragnancy or
obesiy;C, rebreathing of expired gases.

Time seconds)

Tine econd




516), hysioogicl dead spaceand idal volune, but his
formof caproggaphy s not commn

In the past there has been confusion mvr the nomen-
daureofa bt

twidely

ot emthers s g dosueion i
sthesia,* The magnitude of th

the difference is gre
S5, e vith gt e st e (g
120)" who can be identified e slope of phase [11

el o
ontacoy phse (5) o exlrion i cid o thee
phasest phase | represents CO-free gs from the apps-
ratus and. anatomical dead space; phase 11 a sapidly
changing mixture of alveolar and dead space gas; phase.
1 e aheolr ltea, <he ek of which represns
end-expiratory PCo; (P and B angles
e e Sy
Moch nformation may_be bxaned. from o time
capnograr

+ The inspiratory carbon dioxide concentration.

* Respiratory rate.

+ The demonstration of the capnogram s  reliable indi-
cation of the correct placement of a tracheal twhe.

‘o, s related to arterial Peox dow

1 decrene i P, at 8 foed Tevel of ventila

tin is @ valuable indication of  sudden reduction in

cardisc output (page 139) or a pulmonary embolas

(sec Chapter 29).

+ Cardiac arvest during artificial ventilation wil cause

Pelco, to fall

There are three principsl abnormalities of a capnogram,
tely o together and are shown
Line A, with an increased o angle
and phase 11l slape, results from increased ventila-
tion/perfusion miismatch. Almost any lung pathology
may result in a sloping phase 11l and a common clinical

s scute asthmas fine A is cypical of a patient with
i G of phase 11 on a capnogram

which the COz would normally be retained 1 Line C and

B angle oceur with rebreathing from
cither excessive apparatus dead space or a malfunction-
ing anaesthetic breathing system.

Technical considerations should always be bome in
mind when considering abrormalities of a capnogram.
The response time of the analyser, excessive lengehs of
sampling tube and inadequate sampling races willall tend
o Blunt” the norn partic-
ular problem when the tidal volume is lows for cxample
in children or tachyprocic patients.

an increase in the

Arterial to end-expiratory Pco, gradient” has already
been mentioned shove (page 157) and accurs to some
tent in almost all subjects, but particularly in elderly

i e e S e R o prolonged
expiration have genersl Use of

o, 35 2 monitor of absolute arterial PCO: is there-
fore unhelpful, but the assessment remains useful for
following changes within a subject

P
3

Other indirect measurements of arterial Pco,
s Koty T e e pon v 00

simultaneaus arterial value, but it is necessary to
o e e it
ture between body and electrode.

Venous Po, Blood draining skin has a very small arte-
slivenous PO diffeence g resils e it seep-
able for clinica Hovwever, it s surprisingly
eyl S et sample of biood anserobically
£rom the veins on the back of the hand, and blood from
veins draining muscles (e.¢ the median cubital vein) has
 PCOy much higher than the arerial level and is useless
25 an indication of the arterial PCO;

Capillary Pco, Blood obtained from 2 skin prick suffers
from the same uncertainties chat surround cutancous
venous PCOy. However, the technigue is clea
inneonates. The likely error (around 0.6kPa or
4.5 mmHg) is seldom of much consequience in the man-
agement of a patient

dy useful
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Chapter

11

KEY POINTS
B Oxygen moves down a partia pressure gradient
between the inspired gas and its point of use in
the mitochondria, whe partial
ressure may be only .13 kPa (1 mmHg).
Significant barriers to axygen transfer are
jeen inspired and alveolar gas, between
alveolar and arteral oxygen partil pressures,
and on diffusion from the capillary to the
‘mitochondia.
 Each 100 ml of arteral blood caries 0.3 ml of
xygen in physial solution and around 20 ml of
to haemoglobin, which reduces

aus chapters and outline the transport of oxygen all the
way from the aumosphere to the mitochondria

‘THE OXYGEN CASCADE

“The PO of dry sir at sea level is 21.2 kPa (159 mmH).
pressure gradient from ai

fial blood, the
cell. It finally reaches its Jowest level in the mitochon-
dria, where it is consumed (Figure 11.1). At this point,
e PO, il

3
Ed con ol it i o e
to another.

= Geygen carfage by haemoglobn s ifluenced “The steps by which the PO, decreases from air o the
by carbon dioxide,pH, temperature and red mitochondla are known s the oxygen cascade and are
blood cell 23-diphosphoolyceratethe molecular  of great pracical importance. Any one step i the
mechanism of haemoglobin is now well o ey o cresel e pthalogica e
elucidated. stances and this may resul in hypoxia. The steps will
# Glucose and other substates are used to T etk
produce eneray inthe form of adenosine
y P

ikl 38 molcies of AR b prercact

oxygen, with only two in anaerobic
conditions.

® Oxygen delivery is the total amotint of oxygen
leaving the heart per round

The normally quoted value for the concentration of

H
1
Ll
1
;
%

centration) indicates the concent:
s A s s the reapratoy, v
d at body temperature and the added.

1000
consumption of around 250 mlmin”

The appearance of oxygen in the atmosphere of the
has played f

swater vapour dilutes the oxygen and so reduces the PO

with water vapour at 37°C, 100 volumes of the dry gss
ke up about six volumes of estee vapour,giving a totl

Earch has play
(sec Chapter 1). The whole of the animal kingdom is
totally dependent on oxygen, not only for function but
sl for sl This s soistaning ce fxct thc
onygen is extremely tosic in the absence of elaborate

Oetenee mechanioms at aClllor vl (s Chapter 20)

Before considering the role of exygen within the cel, i
is necessary to bring together many strands from previ-

5as volume of
of molecules of axygen. The PO; i thus reduced by the
fraction 6/106. It fllows from Boyle's v that PO;after
humidifcaton i indicated by the folloving expression:

fractional concentration
e e e
e\ presste " apourpresre)



nspired
consumpion.

(the quantity in parentheses is known as the dry baro-
it presre). Therefore she efctve POy of nspeed

airat a body temperature of 37°C is

020941013

or in mmb
0.2004x (760~

=149 mmHg
Primary factors influencing alveolar
oxygen tension

barometrc pressure. I other factors remain con-
s, e e 7O il be dieecly poporionl o
the dry baromerric pressure. Thus

ko, Al ety o

g altic

temperature (see Tible 17.1). The ¢
pressure s complex (see Chapier 18) for example, 3

Figure 11.1 On the ft s shown the axygen

cascade with PO, fallng from thelevel n the
ambient aic down to the level in mitochondri.
On the right s  summary o thefactors
influencing oxygenation t diferent levels i the
cascade.

Bsromerrc
pressure

Oryger
corsumption
io;

Inspired oxygen concentration, The alvealar PO; will be
raised or lowered by an amount equal to the change in
the inspired gas PO, provided that other factors remain
the concentration of oxyzen in the
inspired gas should shays he under contral, it s a most
important therapeutic tool that may be used to coun-
ber of different factors that may impair

constant. Because

% e \mummn m my
'0: will be 8.5kPa (64 mn

wehile breathing air has reduced the alveolar PO to 4 kPa
(30 mmHg), a value that presents 2 significant threat to
life. Oxygen enrichment of inspired gas ta 30% will then
increase the alveolar PO; to 12.5 kPa (94 mmkg), whi

(98 mmHg) and might well have risen
diswal o he i drive o oo, I ot S0%

pressuce o

e PO by 3 fack il s nied
ot (o Tobe 18.1)

xygen in the inspired
S5 st sl i o e i il
of = patient breathing air who has become hypovacrsic

="



Figure 112 The effct on lveolar o, of
increasing the inspired oryger nm»ﬂ!nlmmn nfom

S nspied s (21% owygen)

Normat
ol

200 example, the abveola R0, s reduced I
dangerously low level when breathing air at an
aiveolar minute ventiation of .5 Lmin "I this

tofthe inspired gas to

)

e. Oxygen cons
assumed 1o be 200 mimin ' (STPD)

umption s

Aol

7 T 5
Alveolar ventiton i BTPS)

P, ofinspied gas (1% onygen)

100
T, a0
s 0
2o
o
3 7 5 o
Alveolarventition (min YBTFS)
Figure 113 P
* (STPD) A value
of 100 mimin 3
s directy
Appendix C)

purely asa result of hypoventilation. This problem is dis-
d for )

larfaneral Pos
offset by m(mwsmg the alveolar 7O
aspects are quite different from the problem of hypoven-
lation and are considered later in this chapter.
Oxygen consumption. In the past there has been an
unfortunate vcndcnry o, conader tha. . potients
consume 250 ml of axygen per minute under all cir-

168

cumstances. Oxygen consumption must, of course, be
raised by exercise but is often well above basal in &

patient supposedly ‘at rest” This may be due to rest
lenes, iy ng
fever. These factors may w

ather facues comralling he aneral POy, This, for

example, a patient may be caught by the pincers of 2
filling ventilatory capacity and a rising. ventilstory
requirement (sc Figure 27.4)

Figwre 113 shows the effect of diffcrnt voluss for
oxygen consumption on the relationship becween alveo-
e o o sl PO o  pareat g




_Z

i and cleady shows che potential for sh incresse in
yporis. Alteed affpea

& patients from artificial ventilation (poge 430)
Oxyen consumption is reduced with general anaesthe-
si, hypothyroidism or hypatheria, the last of which
canses a marked reduction in oxygen consumption, with
vahues of about 50% of normal at 31°C.

Alveolarventilation. The lveolar air cquation (page 125)
inplice s hyperollc reationsip betueen e oy
Jar ventilation. This rlationship, which is con-
e n Appendis ¥ 1s clalyvery imporan. As
ventilation is increased, the alveolar PO ympto-
Bl v (o e ches) the P ot e
impied gas (s Figure 112) 1wl be sen from

The oxygen cascade

replace smaller quantities of the less soluble pitcogen
previously dissolved in body fluids. There is thus a net
transfer of “inert gas from the alveoli into the body,
causing 2 temporary increase in the alveolar concentra-
tion of both oxygen and carbon dioxide, which willthus
temporarily exert a higher tension than would otherwise

d rous oxide leave
the body to be replaced by smaller quantities of nitro-
sen. There is thus 2 net autpouring of ‘inert” gas from
10 the alveoli, causing diution of oxygen and
carbon dioxide, both of which will temporarily exert a
lower tension than would otherwise be expected. There
‘may then be temporary hypoxia, the direct reduction of
alveolar PO sometimes being exacerbated by ventiatory
depression due to decreased alveolar PCO;. Fortunately
such effects last only a few minutes, and hypoia can
ly be avoided by small increases in the inspired

the shape of ¢
the normal level have comparatively Hignei
olar PO.. In contrast, changes in ventilation below the
nay have a very marked effect. A

I changes ecipitate severe
Spoais, Noxe tht hee 5 e lvolar eatlaion st
which alveolar PO, becomes zero.

Secondaryfctos inlincing
alveolar oxygen tensi

Cardiac output. In the shart term, cardi
i ind P Fee IS s Bt

femain constant, a sudden reduction in cardiac output
wil temporaril
blood

iy s the o POy b
rough the lungs to remove oxygen from
the reduced cardiac outpuc
ygen extraction i the
supplicd by the systemic circulation and before long the
mised venous oxygen level s decreased. When that has
happened, the rcmoval of oxygen from the lveolar gas
retumns o it original level as the reduction in blood flow
rae i compensated by the greater amount of oxygen
thatis ok volume of bload flowing through
the lungs. Thus, in the long term, cardiac output docs
2t directly nfaence th aiveolr o and therefore &
does not appear in the alveolar ar cquation

The ‘concentration, third gas o Fink effect. The diagrams
and equations above have ignored a factor that influcnces
el PO, dorio exchinges of L quantiies of
soluble gases such as itrous oxide. This f

tioned briefly in connection with carbon dioxide on page
157, but its effect on oxygen is probably more impor-
tant. During the early part of the administration of
nitrous oxide, large quantities of the more soluble gos

is stopped.

“The alveolarfarterial Fo, difference
“The next step in the oxygen cascade s of great clnical
relevance. In the healthy young adult breathing air, the
alveolar/arterial Po; difference does not exceed 2 kPa
(15 mmbs) ot it may is toabove S kPa (37.5 mmH)

and i is therefore a very important step in the oxygen
cascade.

Uslike the alveolar Poy, the alveolar/arterial PO dif-
ference cannot be predicted from other more eas

tinderstand the factors that influence the difference, and
the principles of restoration of arterial PO by increasing
the inspired oxygen concentration when hypoxia is due
0 an increased alveolar/arterial PO; difference.

Factorsnfluncing the magnitudeof the:
alveolar/arterial P0, different
In Chapter 8 it was explained how the alveolar/arterial
oy diference el from venous admlxxurt e
fological shunt), which consiss of st (1)
e e
blood leaving the pulmonary capillaies; (2) a compor
duc to scatter of ventilation/perfusion ratos in different




omgen

parts of the lungs. Any component due to impaired dif-
fusion across the alveolar/capillary membrane is likely to
be very small and in most circumstances can probably be
ignored.

Figare .10 shows the derivation of the following
= U shunted
venous bloay

Tiva points should be noted.

1. The cquation gives a slightly flse impression of pre-
ted blood

cision because it assumes that all the shu

bload being obvious exceptions (see Figure 7.1).

2. Oxygen ary end-capillary blood

[C(“] s, in practice, calculazed on the basis of the

L oxygen tension (Pc’,) being equal to

e e e
the alveolar air equation (see page 125).

content of pulmon:

‘The equation may be cleared and solved for the pul-

monary end-capillry/amerisl oxyien content diference
2 Tallows:
D ~Cve)
Gty ~Caoy % (0]
o

(Scaling factors are required to correct for the inconsis-
tency of the units which are customarily used for the
quties intis cqatr

Cuo—Cio, s the arterial/mixed venous oxygen content
difference and s a function of the oxyen consumption
and the cardiac output, thus:

- Co)=Vo:

)
i equation (1), we have:
Vo, &
ey =Caos = /JQ‘_
of1- Ql]

Substituting for Cao,~Co

3

This equation shows the content difference in terms
of oxygen consumption (Von), the venous admixture
(Q3/QU) and the cardiac output (1)

The final stage i the calculation i to convert the end-
capllary/acterial oxygen conient difference 10 the tension
diff “The oxygen content of blood is the sum of
the oxygen in physical solution and that which s com
bined with haemoglobin:

Oxyeen content of blood = aP0; + (50, % [HB] x1.31)

where s he sy coficient of ygen n oot
(not plasma); SO, is the hi
o P vt
curve, which itself i influenced by tempersture, pt
e e (S effc) (1) b the bemogatincon
contrtion (5%} and 131 i the volume of oxsgen (ml)
e e e ot
bin (page 176). Carriage of oxygen in the blood is
cussed in detail on pages 174 et seq
Dervaton ofthe xygen content from the POs islabo-
. Dariation of
tesisabe
approach is reqired. Tables of tension/content relation-
ships are therefore particularly useful, and Table 11.1 is
an extract from one such table to show the format and
seneral influcnce of the several variables.!
principal factars influencing the magnitude of the
alveolsr/arterial PO differcnce caused by venous admix-
tre may be summarised as follows.

The magnitude of the venous admixture increases the
alveolsr/arterial PO, difference with direct proportion
alty for small shunts, although this s lost with larger
e e A T Tenl o et arterial PO,
is shown in Figure 8.11. Different forms of venous
admixture are considered on pages 122 et seq.

VI scatter. It was explained in Chapter § that scatter in
ventilation/perfusion ratios prodiuces an alscolar/arterial
PO, difference for the following reasons,

1. More blood flows through the underventilated
averperfused alveoli and the mixed arterial blood is
therefore heavily weighted in the direction of the

lood from areas of

lood flowing through areas

cannot compensate for this (sec

low V/Q ratio.

2. Owing 0 the bend in the dissociation curve around 3
PO of § kP, the fallinsaturation of blood from areas
of lowe V/Q ratio tends 10 be greate than the rise in
ssturion of bood from ares of copondily

h V/Q (see Figure 8.13)

These two reasons in combination explain why blood
from alveoli with a high V/Q ratio cannot compensate
for blaod from alveoli with 4 low ¥/Q ratio

The actual alveolar Po, has a profound but complex and.
ronlinear ffect an the alvola/rcrl PO, gracient
(see Figure 11.4). The alveolar/arterial oxygen content

lar PO (equat
diference srises entirely
%o tension: it is thus @ function of the slope of the



Normal
PO at pH 7.4, 37°C, base excess zero:

7P (50 mmHg) 19
133kP2 (100 mmH) 1385
267 kP (200 mmHg] 1941
Respiratory acidosis
P, at pH 7.2, 37°C base excess zero:
(50 mmHa) 1045
133 kPa (100 o) 1362
267 kPa (200 mmiHg) 1437
Hypothermia
PO, at pH 7.4, 4°C, base excess zero:
67¥Pa (50 mmHg) 128
133KP2 (100 mmHig) 1396
267 kPa (200 mmiHg) 1448

1672
1927

1994

1457 1869
1894 2427
1987 538
1787 29
1943 2489
1998 251

Data are from reference 1.

disociation curve at the PO of the alveolar gas. For
example, aloss of 1 ml per 100 ml of oxyen from blood
with a POy of 93 kPa (700 mmHg) causes a fall of PO of
about 43 kPs (325 mmFg), most of the oxygen being lost
o phyical s, Hoeve, i che il 70z vere
13kPa (100 m Lol per 100 ml would
e PO oy 46K 5% k), ek
of the oxygen being lost from combination with Faemo-
slobin. If the inital PO, is only 6.7 kP (50 mmg), a
foss of 1 mi per 100 al would cause a very small changs
R0 otk ot s 0 TERe & i) el
nirly from corbimionwith aemagobin 2 ik
where the diss curve i steep.

“The quanctatie consderaions oulned i the previ
s paragragh e most imporant s implictiors.
Figure 11.4 clea for the same desree of

shunt, the sveolar/arterial PO difference wil be great-
est when the alveolar POs s highest. IF the alveolar PO,
is reduced (c5. by underventiltion], the alveolar/arte-
vl PO, gradient will also he diminished if ther factors
ersinthe same. Thearerial PO ths Fls less tha she
aheolar PO, This is fortunate a consider
sy beaches deiin rom the shipe of

arterial POy is alimost independent of changes i lveolar

Po., and adminisiration of oxygen will do e to relieve:
hypoxia (see Figure 8.11)

Cardiac output changes have extremely comples effects
an the alveolar/arscrisl PO difference. The Fick rela-
clonsip equation 2, page 170)cells us it 3 redced

r desese i thearra oxygen vl than would
Jeis dessurated blood Moving hrough a shunt of the
same magnitude. Equation (3) shows an inverse rela-
tionship be

arterial oxy
ture s constant (Figure 11.5b). However, wl
content difference is converted to tension difference,
the relationship to cardiac output is no longer truly
inverse but assumes a complex non-linear form in con-
Sequence of the shape of the oxyhaemoglobin dissocia-
An example of the relationship betseen
cardinc output and slveolar/arterial PO; difference is
shown in Figure 1.5, but thi < only 1o the
conditions specified, with an alveolar PO of 24 kPa
(150 mmHg)

Unfortunately, the influence of cardiac output is even
more complicated because it has been observed that 3
rediction in cardiac output is slmost always associated

tion curve.




Arterl/mised venous
xyoen conent diference (i)

o

£
< oy 072)

& Gt i)

Figure 115 Influence of cardiac output on the aiveolar/arterial

4
diference a ifferens levels of hvolar P Figures i the

achcue. I s eample 1 s hat e patien s

Fow.For smallshunts,

00 mimin- and an ahvolr PO,

Fora

vgen

i

alveolar PO, a non.
dissociarlon curve. At nigh sveciar 70, a lateau of

lorger shunts.

the oxygen dissocatin curve in a manner hat s appiicable

Note thatwith a 50% shunt,an incresse n aveolar 70,
»mdm,mmﬂaq.m.nue.wzwmwmnm,
iference. Threfore, the srterial Po, s irwallyindependent
o changes el P e o remain oo
Constants incorporated it

‘oxygen content diference, 5 i ' Ho concentration 14 gl ;.
temperature of iood, 37°C:pH of blood, 7.40; base excess,

with 3 reduction in the shunt fraction. Conversely, an
iacrese I cardlac utput sl enes n 1 ncrsed
This sppr

cardiac output (see Chaper 8, page 124). Nevertheless,
it must be remembered that, even if the arterial PO, is
unchanged, the oxygen delivry (fux) wil be recced in
proportion to the change in cardiac output

Temperature, pH and base excess of the patient's blood
nfluence the oxyhaemoglobin dissocistion curve (page
the solubility

influence the relationship betsveen partial pressure and
conten. (g Tble 111 and, hence he effetof
venous admixture on the 0: differ-

ence,althonsgh the effect is not usually important except
in extreme deviations from normal,

Haemoglobin concentration influences the partition

concentration, as shovn in Table 11.2. (Different fiures
would be obtained by selection of a different value for
alveolar P0z)

Alveolar ventilation. The oserall effect of changes in
alveolar ventilation on the arterial PO presents an inter-
8 problem and ser int




the separate aspects of the factors discussed above. An

increase in the alveolar ventilstion may be expected to

have the following results.

1. The alveolar PO; must be raised provided the baro-
metric pressure, inspired oxygen concentration and
e s s e s e

1
A alv(nhnanmnl Po, difference is increased for
he follows
TR e  the sl 5 will et e
alveolar/arterial PO difference by the

S RN 3
Aveolarveniaton (i)

Figure 11.6 The efectof ahveolr ventiation on aceial 0,

s the algebraic sum of the effect upon the alveolar PO, see
Figure 11.2) and the consequent change in aveolarartral o,
iference (ee Flgure 11.4), When the incrase i th ltter
exceeds the increase i the former, the artril o, il be
iminished. The figures n the diagram indicat the percentage
venaus sdmisture, The curve corresponding to 0% venous
admiture wil indicate aveolar Po, Constants incorporated n
the design of this figure:inspired O, concentation, 0% 0;
consumation, 200 ml.min; espiatory exchange atio, 08, It
s been assumed that the cardlac output s nfluences |

the o, ccording o te equnion G 0019, 1223

11.4)

+ Under many conditions it has been demonstrated
<hat a fall of PCO (resulting from an increase in
alveolar ventilation) reduces the cardiac output,
s e oot g it Fave b O
lined above.

« The change in arterial pH resuling from the reduc-
tion in PCO; causes a small, unimportant increase
in alveolar/arterial PO difference.

“Thus an increase in alveolar ventilation mny be expected
to increase both the alveolar PO; and the alveolar/
rerial PO difference. The resultant change in arceis]
P will depend upon the relative magitude of the two,
changes. Figure 116 shows the changes in arterial POz
s by vrinions o hecls venkloion ot n nepired

 PCo:
Up to an alveolar ventilation of 1.5 Lmin'’,

i will increase the arterial PO, only if the
dmixture is less than 3%. For farger valucs of
venous admivture, the increase in the alveolar/arterial

PO difference exceeds the increase in the alveolar PO,
and the arterial POy is thus decreased.

JF, Prys-Raberts C,Greenbix
Liee ol bl o iciaslon
fnaesth 1967: 39:5¢

Trustees of th Brtish Journal o
permision of Oxford Universty Press/Bitish Journalof
Ansesthesia)

Compensation for increased alveolar/arterial
Fo, difference by raising the inspired
oxygen concentration
Many patients with severe respiratory dysfunction are
posaemic whic bresthing st The min abjective of
treatment is clearly to remove the cause of the hypor:
acmia but, when m.s s not immediately possible, it 5
often possible to relieve the kypoxacmia by increasing
the inspred <ygen concenraton. The principles for
dein 30 depend upo the chse ofthe bypovaemin. As
3 bad clstfention, hyposaemia. may. be
e e e
nation of the two. When hypoxaemia s primarily due to
hypoventilation, and when it 3 not appropriate or pos-
sible to rescore normal alveolar ventilation, the arterial
PO can usully be restored by leation o the inspired
oxygen within th as explained above
o7 and P 112) s o n Chapter 2.




Quantitatively, the situation is entirely different when
hypoxaenia is primarily due to venous admixture. It is
then only possible to restore the arterial PO; by oxyzen
enrichment of the inspired g2s when the venous admix-
tare docs ot exceed the equivalent of a shunt of 30%
of the cardiac output, and at this level may require up
t0 100% inspired oxygen (page 125). The quantitacive
aspects of the relationship are best considered in rela-
tion to the iso-shunt diagram (see Figure 5.11).

THE CARRIAGE OF OXYGEN IN THE BLOOD

he preceding section has considered in detail the
facorsthat nfluence the PO, of the acrial blowl i
s carred in the
B ands . parica; he reatomsip, between the
PO, and the quantity of oxygen that is carried. The ltter
i cuily imporant o he dlvery of cygen nd 50
less important than the partial pressure at which it
becomes avilsble to the tissue.

Osygen i carred in the blood in tso Forms. Mach the
sreater part is in seversible chemical combination with
hacmoglobin, while a smaller part s in physical solution
in plasma and intracellular flid, The abilty to carry arse
quantitics of axygen in the blood s of great importance

Without haemoglobin_ the amount
carried would be so small tha the cardiac utput would
need to be increased by a factor of about 20 to give an
adequate delivery of oxygen. Under such a handicap,
animals could not have developed to. their present
extent. The biologicl significance of the hacmoglobin-

It is interesting that
 contains iron in haemoglo-
bin, i also  constivucnt of chlorophyll (which has mag
pesumin placo o) and e tochromesesponsbe
for cellulr oxygen metsbolisem. This ch

physical solution rises with decreasing temperature for
the same PO,

Haemoglobin®
The haemogobin molecul consiss of four proten
S a haem group (Figure
1.72), the A eeiht béng 64 455, Inthe
R e el
there are two types of chain,
each molecule. The two
acid residues, with the hem stached

hare 145 sing acd e wic te e stached
1o a histidine cesidue occupying position 9

11,7 e dealsoF he retet f stachumont e
hacrn in the o-chain.

Molecular mechanisms of oxygen binding™

The four chains f the hacmosl
ke a crampled nccklace. However,

lobin molecule lic in a ball
the form is not

random and the actual shape (the quaternary structure)

B beoicn e st e diferenschaios
and also me amino acids on o

R TR gmnps
lic in crevices formed by electrostatic bonds between the
heem groups and histidine residucs, other than those
<o which they are attached by normal valency linkages.
For example, Figure 11.7¢ shows a section of an o
chain with the haem group sttached <a the iron atom,
which is bound to the histidine residue in position §7.
However, the haem group is also. zuxhed by
trostatic bonc n 58 and

T e e (mnxwrt and uril-
sation of axygen.

Physical solution of oxygen in blood

is carried in physical solution in both red blood
cells (RBCs) and plasma. There appears to have been no
recent determination of the solubllity coefficient, and we

e
forms a loop and plces the haem group in 2 crevice, the
shape of which controls the ease of access for oxvgen
molecules.

In deoxyhaemaglobin, the electrostatic bonds within
are steong, holding the

which the molecule has o rlively fow ffnity for

rricd in normal blood in solution at 37°C is about
0.0225 ml.dl KPx! or 0.003 ml.dl” mmHg™. Atnormal
el oY Sl i £ B
o mldl or rat an 1% of the totl
en e Hmm when breathing,
T00% oxygen;the level ies to st 2 il Brething
100% oxygen at 3 atmospheres pressure absolute
(30303t ot o wymen e phpial slilonvics
to about 6 mldl”, which is sufficient for the normal

restingarteriovenots extraction. The amourt of oxygenin

fgen. In the electrostatic bonds are
‘eesker nd th haemoglobinadopts s relxed () it
in which the creices contning he b sroups can
cpen and b and the molecule’s afaity for

T s gt
o o e ot e o oaie

globin molecul
el ooyl This chdpersiviyhbutveed
oxyzen binding sites is fundamental to the physiological
role of haemoglobin and. affects the kinetics of the



Haemaraips

Figure 117 The haemoglobin molecule consistsof
four amino acid chain, each carying  haem group.
{a) There are o pairs of deniica chains: -<hains
eachwith 141 amino acd resicues and -chains each
with 14 amino acd residues. (b) The attachment o

) Th crevice that

contans the haem group.

resction berween haemoglobin and oxsgen, which are
described below. The conformational state (R or T)
of the hacmoglobin molecule is also altered by other
factors that influence the strength of the electrostatic
bonds; such factors include carbon dioxide, pH and
temperature.

The Bobr effect describes the alteration in hacmoglo-
bincxygen affinky hae arsesfom changes i bydrogen

carbaminohaemoglobin (pege 151) and this small altes-
ation in the function of the protein chains stabilies the
T conformation and facilicates release of the oxygen
molecule from haemoglobin,

Conversely, the Holdane effect describes the smaller
amount of carbon dioxide that can be carried in oxy-
genated blood compared with deoxygenated blood (page
151). Crystallographic studis have shown that in deoxy-

fon or carl d is generally
e issocia-
o e ot Figare 11,10 below): Chamges ' oH
affect the numerous electroseacic bonds that maintain
the quaternary structure of haemoglobin and so stabilisc
the mlecule in the T conformation, reducing its affin-
i for anygen, Siilry carbondioxide binds o the N-
terminal amina acid resicues of the a-chain to form

position 146 of the B-chain
8 loosely bonded to the aspartine residuc at position 34,
and that when hacmoglobin binds oxygen and changes to
the R conformation the histiine 1465 moves 10 A
further away from the aspartin, which is suffcient dis-
fance to chnge s R e Once s, this sl
changein one acea ofthe ichains has widespread effects
oo Slecurosati. bonds throughout the. molecule,




changing the qusemor siructurofthe e molele
tssbill to buffer hydeogen fons and form
e sl

0T i G A 90,
the axygen-combining capacity of hacmoglobin was
taken t0 be 134 mlg-! Following = e detenmi

nation of the molecular weight of haemoglobin, the the-

oretical value of 139 ! was derived and passed into
seneral use. However, it gradually became clear that this
walue vas no cbtined when direct messurements of

hacmoglobin concentration snd o paci
compared. After an exhaustive study of m <y

o' for
lood,

ical
use.” Haemoglobin concentrations are ultimately com-
pared with the International Cyan-methacmoglobin

surprising that the observed oxygen-combining capacity
i less than the theoretical value of 1.39.

Kinetics of the reaction of oxygen
with haemoglobi

Over 70 years ago Adair first proposed that the binding
of oxygen to haemoglobin proceeds in four separate
stagess

'3 K
Hb= 40, = HbO, +30; = Hb(o 1 +20:

BV

For cach of the four reactions there are two velosity
constants, with small k indicating the reverse reaction
(rowards deoxyhaemoglobin) and small k prime (k)
indicating the forward reaction. Lar
resent the ratio of the forw:
thus for example K, = ',/ k. In this way,the dissocia.
tion between deoxy- and oxyhaemoglobin may be rep-
resented by the four velocity constants Ky-K

The Adair cquation described assumes that the - and
Pechins of haemolobn behave denticly in thei
chermical reactions with osygen, which is unlike
S, When s anl <t e ke mtos s heee
are many different reaction routes that may be followed
besween deaxy- and oxshscmoglobi
different reversible reactions (Figure
However, the muliple separate forward and. reverse
reactions can again be combined to give a single value for
K, which does not differ significantly from those
cbtained using the simpler Adair eq

ominate and the high velocity constant counteracts the
binding
ke reaction rate by the
Iaw of mass action. The magnitude of the forward reac-
Uil G g
hacmoglobin is somewhat slower tha its formation.
o cormbinationt of cabon
monoxide with haemoglobin is of the sameorder,
ot the st o dimochtion of carbceyhuemogobia s
extremely slow by comparisor

1600, Figure 11.8 Oxygenation of tetiameric
haemoglabin.If chemical interactions with
‘oxygen differ betuween - and f<hains then
the transtion fiom deoxyhaemogobin to fuly.
oglobin can take a variety
utes, a5 shown, Artows ndicte the 16

indicated. I can be clarly seen tha the inal
stage of xygention s consderably aster than
the previous three.




Figurs 11 Discion e of normal e nd
160 fetal haemoglobins. Curves for myoglobin

L Carbh

Myogobin

Paint A is the P, for this curve and shows th
1 tension st which the Hb saturation s SO%.

low Poj during exercise (3) Carborynaemoglobin

low evelsof P

The oxyhaemoglobin dissociation curve
As s result of the complex kinetics of the chemical reac-
tion betweeen oxygen and haemoglobin, the relationship.
between Poy and percentage saturation of hacmoglobin
fssonincar and the preis form of the nondinarty
of fundamental biological importance. It is show

o ontitons grapia Kt sifeac el
haemoelobin and also for myoglobir and casboxyhaemo-
globin in Figure 11.9.

Equations to represent the dissociation curve. An S’
Shaped oxyhaemoglobin_dissociation. curve et
descibed by Bob in 1904 (pase 221 and Figre (o)
Adsir' and Kelman' subsequenly developed equations
tha would eproduce che obersed oxygen disociton
curve, using a variety of

_ _100{PO +2.667 x P0s)

POT 2067 x PO, +55.47

PO s bese e n lopascal Sou s preenae)
“This equation takes 1o account of the position of the

dissociation curve as described in the next section, so

must be used with caution in chnical situations.

Factors causing displacementof
the dissociation cur

Sove physiologeal s pathlogealchargs to bood
chemistry cause the noemal dissoci

S e e g e A i
spproach to quantifying o shift of the dissociation curve
is to indicate the PO, required for 0% saturation and,

o i e i enerates o curve indis.

sse, many of which
axygen saturstion. The following simplified version of
the Kelman equation is convenient 0 use and sickds
similar results at PO, values above 4 kPa (30 mimg):

inFgure 19, this
5535 kPa (26,3 mmHg). Referred 10 as the Py
the sl mthod ofreorig s o he o

The Bohr effect, ss  result of changes in blood g, is
shown in Figure 11.10. Shifts n ined as the ratio
of the PO, that produces 3 particular saturation under
standard conditions, to the PO, which produces the
same saturation with s particular shift of the curve. Stan-
dard conditions include pH 7.4, temperature 37°C and




Kelman equation sbove.'! Alternatively, automated cal-

culacion of sacuration from PO; by

Poy 090l

Figure 11.10 The Bob effect an s effect pon oxygen

diference of 25% They are thus 25% sauration less than the.

i as analysers
of s o o o dision e e
meat, of which one example

P

Corrected Po; = Po; x10/4434174
wwhere POy s in kPa and temperature (T) in “C. The cor-
rected PO «d into any version of the
haemoglobin dissociation curve cquation as shown shove

(page 177),

iy then be ente

Clinical significance of displacement of the haemoglobin
dissociation curve. The importan effect is on tissue PO
and the consequences of a shift in the dissaciation curve
are ot intuitively obvious. It is essential to th

sitatively. For example, 3 shift to the right (caused by
ow pHor high temperature) impairs oxygenation in the

ink quan-

Tuns but aids release of oxygen in the tissues. Do these
effects in combination increase or decrease tissue POy)
An illustrative example is set out in Figure 1110, The

aricrial PO: s sssumed to be 13.3 kPa (100 mmH) and
there v ha v

f 133 KPa (100 mmiig) i each case. Under the conditions
shown, alkalosis awers venous £, and acidoss rises venus
P, Temperature, 37°C: base excess, zer0

o exces In Figure 1.10,0 surtonof 80% s
Troduced by POz 6k (45 mmblg) a pH 74 (san
) e i1 0 b Pl 508 saursion s

(70 mmtie). The i s 04 an tisplcs
o all soursions ot £H 7.

Temperature has 3 large influence on the dissociation
curve with  left shift in hypothermia and vice verss.

Base excess is 3 parameter derived from blood pH and
PCO, to quantify the metabolic (as opposed to respira-
) companet of s ol chang i ool ot
Compared with pH itself, alterations in base

oy 5 soall et on th pation o the dssaton
curve but mose be taken into account for accurate
results.

Quantitying displacement of the haemoglobin dissocia-
tion curve. Estimation of haemoglobin saturstion from

PO using the modified Kelman equation has been shown
above. However, this equation assumes @ narmal P, so
will yield erroncous results in all but the most normal
physiological circumstances. In clinical practice, the type
shesdeu e Iy (G i

of pH. At normal arteial PO, the effect on arteril sat-
wration is relatively small, but at the venous point the

tissue PO, equates more closely to the verous PO than

tothe arterial Oy, Thus, inthe example show, the sl
%0 the right is bencfical for tissue oxygenstion.

10 is  general rule tha 2 shift o the righe (increased
Pu) will benefic verous PO, provided that the arterial
PO, is nor critially reduced. i

owygenation
improved off-loading of oxygen in the tissues.
severe arterial hypoxaenia, the venous PO: would tend
10 be reduced by a shift to the right and a lfiard shift
would then be advantageous. It is therefore of great
interest that a_ spontancous leftward
extreme altitude when arterial POy is critically zeduced
(see below).

oceurs at

2.3-Diphosphoglycerate

For many year i has been ke tht the presenceof

o,
excess, m.mmM may be o determine. the
required correction factors before using the modified

v
of these com-
one mole-

effect on the Py The most
pounds s

m\por\am
3-diphosphoglycerate (DPG),"



Gycealderyde

S phosphate

[Er——]

ain ghesiyic pathay

3shosprogicernte

cule of which becomes bound by electrostatic bonds
beaween the two f-chains, stabilising the T cor
tion of haemoglobin,* reducing ts oxygen affinity and so
dilcingthe disocation cae 0 he ight. The per-
centage of hacmoglobin molecules containing 2 DPG
et govens the overall Foofsblood sampl i
dhe e 245 L (1534 i)

DPG s formed in the Rapoport Lusbering ;hw
S gyanic i e
the ba tnccen synthesis and degradation [F\gme
n ,\u.m, 4 DFG e i cranctd

case diminished ot high pH, which thus increases

e e o PG,

‘The relationship between DPG levels and Ps sug-
gcm'd that DPG levels would have a most important
bearing on clinical practice. Much research effort was
devored to_investigating those_con
result in substantial chénges in DPG levels
theapeutic avenes involving the manipultion of DPG

nforma-

Figure 1111 Rapoport-Lucbering shunt orsynthesis
of 23 diphosphoglycerate.

Omnedcels

B S |

onsused recels

7
Time

g 112 Restoratonof e o 23 b
(DPG) leves following oI e ope e
o cul s soveor 5 oy 3 PR P sl
10 type A volunteers.Red cells were
subsequently separated ncothe transfused coll an the
volunteers own cels efore anaiysis. Th cincal mpiications
Of ths slow return to mormal DPG leves are undear; see text

i

o substantiote the theorctical importance of DPG. -

oxen delves. I fct, che lkely effectsof changes in
G scem to be of

fordetals.
Keegan T, Holme 5. In ivo regeneraton ofred cell 23-
oo e olloving o ofDEC et A

in comparison with changes in arterial POy, acid-base

balance and tisue perfusion.

PG levels with blood storage and transfusion remains
the only arcs where red cell DPG levels may have sig-
i e o) T
transfusion at beloww 67 ol

% of normal rates and
a similar amount. Thus, after 1-2 weeks of storage, red
cell DPG levels are effectively zero. Blood presensation
solutions have evolved through the years to faclude the

bond wih de haplate deste (CPD) reduees

th s o DPG eplon compared it o s

v solutions” bt el il S
within 2 wee

12131136,

Once transfused, the red blood cells are quickly
searmed and provided vith al required metablites, and
the limiting factor for return to normal DPG levels will
be zeactivation of DPG mutase (see Figure 11.11). In
vivo studies in healthy volunteers indicate that DPG
levels in transfused red cells are approximately 0% of
normal 7 hours after transfusion, and. preceansfusion
levels are not achieved until 48 hours (Figure 11.12).*
This ingeious stuy involved the administion of
35-day-old. CPD-adenine preserved type O bl
tpe A volunteers, and then in venous
mmvlesmd el were sepumtcd ccording o thetblood
re measuring DPG levels. In this way, [
leves o both the recipiens' awn cell and the tans-
fused cells could be monitored separately (see Figure
1.2)

ia’




Oxygen iz

The cinical signifcnce of the slo seum 1o normal
DPG levels is uncertain and in most cases fikely 1o be
the proporton of the patient’s hacmoglobin
s o rnsfsed o vl ualy b smal
ransfusion of hrge volumes of DPG

docs rend i reduced P wiich sl
78

i

dnplm-d‘l\\om!

hypoxia under these

ardisc output or oxygen consumption following trans-
fusion with DPG-depleted blood 7 Changes in the Psy
of a patient do not usually exceed 0.5 kPa (3.8 mmbg),
and it is possible that changes in the hacmoglobin disso-
ciation curve are compensated for by changes in blood
flow at a capillry level: ™

Other causes of altered DPG levels. Ansemia results in
a naised DPG level, with Py of the order of 0.5 kPa
(3.8 mmHg) higher than control levels * The problem of

percent of normal patients will lie outside these limits
and it is therefore preferable to refer to this as the ref-
erence range rae e

pJiseems By dht same (e
s due to transient changes in ventilation, perhaps
Pl puncture. Because of the meagre
body oxygen stores, such changes have a greater cffect
o 7O; than
scatter of n

rmal range.

of oxygenation must
degree of scatter in normal subjects under normal
conditions.

z

ide and haemoglobin™

oy spter 25.

Altitude causes an increased red cell concentration of
DEGHieic are & et el ALE
losis with ich h and

‘The enarmous interest over recent years in both endoge-
‘nous and exogenous nitric oxide (NO) has incvitably led

e il s Gl e
dasociation curve, There i nw 1 i consnsis e
there

ioto s interction with hacmoslo-
ot has been known For some tme that NO binds o
hacmoglobin very rapidly ™ and this observation i fun-

Saciation curve at high altitude (see Chapter 17).

Normal arterial Po,

1 contrast to the arterial PCOy, the arteral PO: shows a
progressive decresse with age. Using the pooled results
from 12 studis of healthy subjects,one revicw suggested.
the following relationship in subjects breathing ir:
Arterial POy = 13.6 - 0.044 x age i vears (kPa)
102 - 0.33 x age in years (mmig)

About this regression line there are 95% confidence
limis of 4133 kb, (10 montig) (Bible 113], Five

90 (80-100)

116(103-130) 8777-97)
1209125 8474-94)
107(94-121) 8101-91)
103(90-116) 77 (67-87)
99(@5-112) 74(64-84)
Figures derlved from reference 25.

damental to p when inhaled NO exerts
s fects i the plmonory vasulure bt s ctvted
by biding o emoribi efor  eches the sysemic
e e
s EaTNGTT oo

molecule.

1. NO binds <o the haem moiety of cach hacrmoglobin
chain, but the resulting reaction il state
of oxygenation. For deoxyhaemoglobin,
oot ity bl O et e ol
formed, which has little vasodilator activity, wheress
for c)qhﬂrmos!nhm. in the R conformation, the
oxygen is displaced by NO and in doing so the iron
atom is oxidised to methacmogobin and a nitrate ion
prod

Teon-

Hb[Fe™*]+ NO — Hb{Fe ]NO
o HBF]O, + NO - HblFe*}+NOs
These reactions are so rapid that there is doub that
endogenous NO itself can exert any effects within
Jood feg. on platelets) before being bound by
hacmoglobinand st threfore act v a inerme-
diate subst
2. Nitc amde s slo knows to forsable compounds
ek e o vemed Smitrosthely ekl
the general form, NO, where the R group may
e slathione or sulphsx conilg s ol
tesidues within proteins. Nitrosothiols retain bio-
BT sty vt s i sumivei




fonger than free NO within the blood vessels. NO
T et Esitbesasa e
s position 93 on_the Pechains, producing 5
Siressbacmcglbin (SNO-HB): As el of con-
formationsl changes in hacmoglobin the reaction is
faster with Restate oxyhacmoglobin and under alka-
ine conditions.

Thus i vivo NO in arteril blood is predominantly in
the form of SNO-Hb, whereas in venous blood ha
bound HbNO predominates.™ It has been proposed that
25 haemoglobin passes through the pulmonary capillrs,
changes in oxygenation, Pco; and pH drive the change.

an inge in quaterna
structure of haemoglobin causes the. intramolecular
ha und

he opposite sequence
of events occurs, which encourages release of NO from
e TSNO rou, whee [t oy g bind 10 e e
sed from the REC to act as a local
o e el improvin flow to vesels with
the greatest demand fo rt of NO activ-
from the RBC is believed 0 accur via a complex
mechanism. Deoxygensted T conf I

the amino acd chains can be considered sbnormal,
and, alchough over 600 have been reported and named,
only onechird of these have any. clnical effects’*
Some abnormal haemoglobins (such as San Diego and
Chesapeake) have a high P, but it is more common for

R el Ty s e g e

shropoictin_ production However, many. sbnormal

hsemoglobins alsa have a deranged quaternary protein

haemoglobin chains becomins i
plasm and membrare, causing celllyss.* These patients
therefore have a higher than normal rate of RBC pro-
duction but are_generally anacmic because of even

cater degrees of RBC destruction. This combinatior
Eeas s are
‘body iron metabolism.

Sickle cellanaemia s caused by the presence of HbS in

Binds to one of the cytoplasmic damams o
(see Figore 10.4)7

transmembrane band 3 protein
o a7 i 03 moen e |59 s diecty
transer the NO,

Series of nitrosothiol reactions,
the outside of the cell membrane where it can o
o aciiy. The vashltor scin of NO
periphersl c the ssme as in pulmonary capil-
lacies and s described on page 100, The biological impli-
cations of thisseries of events are yet to be determined.
The suggestion that haemoglobin is acting 3s  nitric

e carrer ta regulate capillary blood flow and oxygen
reease from the REC represents a fundamental advance
in our_undersanding of the delivery of oxygen to
el e o
globin, particularly in vivo, is cagerly awaited.

o

Abnormal forms of haemoglobin
There are a large number of alternative amino acid
sequences in the haemoglobin molecule. Most animal
species have their own pecaliar haemoglobias, and in
humans, &-chains occur in addition ta the a-and
Bmonomers s e nd &-hains occor

G e el 5 ke o0 dhe s sk
shape. It s & hereditary condition and in the homozy-

ormalicy, with sickling occurring

gous state s a grave abn
mmbe), which

at an arterial PO; of loss than 5.5 kPa (40

with sickle cell disease have va srces of comy
satory production of HBF and the amount of HBF found
in RBCs is inversely relted to the severiy of clnical
symptoms of sickle cell disease. Thus most therapies in

by the bon Her
ot e il
(20 mmHs) 3nd s0 are usully asy mpm..m

Thalesaemia s sohesherditary dsorder of fpeme-
elobin. It consits of 2 suppres
s ey ot of HOE i
persists throughout life instead of faling t0 low levels
afte birth. The functional disorder thus includes & shift
of the disociaton curve t the left (sce Figure 119)

haemoglobin in swhich the iron has

chai

e <iaiee et T bl onieleds skl
mmlobm (), whichhu  imociton curve wel
20 the left of adult hacmorlobin (see Figure 11.9). The
e e
tutes A, haemoglobin (HbA), which forms 2% of the
total haemaglobin in normal adules. Other variations in

been oxi
Sl reihasmogobinfonss i When iy
haemoglobin 2cts as a itric oxide scavenger, 3 process
that occurs physiologically to limit the biological activity
of endogenous NO or pharmacologically during treat.
ment with inhaled NO, Other drugs may cause




‘methaemaglobingemia, most notably some local anses-
ll\emx il oo

e Methacmoglobin is unable to combine with
xygen but i sowly reconverta to haemoglabi i the
normal subject by the action of four different systems.

NADH-methaemorlobin _reductase sy
enaymes, which is preseat in RBCs and uses
Seoerced by gheolyas e Figre 11.13) to reduce
methacmoslobin. This system s by far the most
important in normal subjects, accounting for

e e
s deficient in familial methaemoglobinaenis.

2. Ascorbic acid may also bring about the reduction of

lso nitcites and

i Ze

sccounts for 16% of totl red cell mezhacmoglobin

Ghutathione-hased. reductive enymes have o small
amount of methaemoglobin reductase activity.
NADPH-—dehydrogenase enzyme in RBC can reduce
methacmoglobin using NADPH generated from the
et phosplte gty Undee physlogisl o
ditions, this system has o cffect and
egandzd s the ‘esarve mesbaeoeglobin edictise.

Elexsted methacmoglobin levels of whaterer cause may
be trested by the adminisration of either ascorbi acid
or methylene blue %" The later is extremely cffective
and brings sbout methsemoglobin reduction by activa-
tion of NADPH-dehydrogenase

‘Abnormal ligands
“The iron in haemoglobin is able to combine with other
inorganic molecules apart from oxygen. Compounds 5o
stable than oxyhacmoglo-
aemoglobin

also be formed with (
sulphu, ammonia and a number of other substances. In

e o e e e

cherefore impaired to an even greater extent than simply
reducing the amotent of haemoglobin available for oxygen

‘pheric carbon monoxide s considered in Chapter 20.

Blood substitutes™**

There are obvious advantages in the provision of an ati
ficial oxygen-carring solution that would avoid the
infectious and antigenic complications seen with trans-
ther individusls red cels. The search for 3
followed two quite different
parallel p

tuorocarbons. Osygen s highly soluble in these
Pdrophobic compaunds, which with n 8-10 cubon
chain are above the critical molecular

100ml on equiibrton vih 1
stmospheric pressure. Since oxygen is in physical solu-
o 1 Bocrocabont s Hisoniion curv’ s et
line, with the quantity of dissolved oxygen being directly
portional to Pox. Because of the requirement 1o
maintain adequate blood constituents apart from red
cells (e plaelets,clotsing fators, blood chemistry nd

onco: preste) he ropovion of blod it mey b
seplaced by Perllubron is small, so that even when
T T mvie e ikt s ot
capacity s limited. Even so, clinical rials of intravenous
Pertlubron arc now taking place® and some groups have.
demonsited s Pelbronsdinraon may delay
he ood transfudn®

Drople e n he emlsion s ofthe oder of 02,
compared with the 5 pm diameter of an REC. The flo
resstance is considerably less than that of blood, and as
it is virtually unaffected by shear rate, the rheological
properties are parcicularly favourable at low flow rates.

addition to the loss of e, the
also often a shift of the dissociation curve to the left.

car lobin. Carbon monaide is well known
ta displace oxygen from combination with hacmoglobin,
its affimity being spproximately 300 times greater than

of

by 2 reduction in DPG levels. Tissue oxygenation is

sonofthe crlron,for e i myccrdal
ton and during percutancous transluminal coronary

sty Successfl use of Perflubron in the luns
o Rauid or paral liquid. ventistion 3 nove widly
e i premaar bl (age 235), hiien and
St (page 416), wich some benehtsdescribed

ol
the reticuloendothelia system, where they reside for
\arying lengths of time before being excreted nchanged
from the lungs.

Modified haemoglobin solutions " Early atsempts at
wusing RBC haemlysates resulted in scute renal failure



due to the stroma from the RBC rather than the free
hacmoglobin. Devclopment of stroma-free haemoglobin
solution aied tosolve the problem because lthough rel-
stively stable in vito, the haemos]
e

. T
5 i nchide the sbocnce oFDPG, cailing s ow
Pyy3nd 2 high colloid oncotic pressure, imiting their use
t0.2 maximum oncentration of 7 g.dI".* The short half-
life and high oncotic pressure can be improved by either

St e e the eytochrome ¢

sc system, which is responsible for about 90% of
e tonal iypen consumpton oF the bod: Hoiever,
eytochrome c oxidase is but one of more than 200 o
dases, which may be classfied as follows.

Electron transfer oxidases. As a grosp, these ovidases
insle th reduton of axyen to speroside anon
hydrogen peroxide st being the fully
et aate (see Chapeer 36, Figore 26.2) The mst
Bl ot oo s cytochrome ©

asc. It is located in the mitochondria and s con-
cemed tn the production of the high-eneiey phosphate
bond triphosphate (ATP), which i the main

form stable_tetramers
sem groups > Clearly this
e o ebhenaars i
of blaod withau using dorors and also modifying the
propenics fhe baemrlbin. A campl of s b the
deliberate producti pecific variant of human
aemoglobin (Fr(shy\mdn Hb) which has 2 natwrally
s s lobin has arracted interest
B o needing DPG tolowee
B iy haviag P o 28 minkig)incon-
ditions found in the human circulation*
il s s o i ol el
solutions are advanced and side effects seem o
2 Bk b e s B
produce pulmonzry and syscensic_vasaconstriction,
Viih s belicved o reult from the fee hac moglbin,

wine hsemoglo

source of biological eneray. This process i described in
srester detail below under the heading ‘Oxidative phos-

derivatives are
ey otk sl bk Filing (e Chater 20

Oxygen transferases (dioxygenases). This group of oxy-

nsses incorporates oxysen into substeates without the
formation of any reduced oxygen product. Familiar
examples are cyclooxygenase and lipoxygenase, which
are concerned in the first stage of conversion of arachi-
donic acid into prostaglandins and leukotrienes (sec
Chapter 12).

Mixed functon osdases. These oxidsses result i oxide-
tionof . which is most

pa
enger.* This problem s likely to be overcome in the

NO binding and
provide  hacmoglobin molecule with a norml Pas in the
absence of 2.3-DPG

Bubbles = The intriguing possibility of transporting
oxygen in the form of microbubbles has been proposed,
bt has not yet been explored i vivo. Bubbles that are.
permeable to gases and less than 5 pun i diameter would.
in theory be able to transport oxygen through the circu-
lation in sufficient quanities to sustain ife. Such bubbles
Il amounts of intravenous
fon. Intravenous
bubbles can exist for up to 30 minutes, but currently are.
used only a5 radiological contrast media in ultrasound
investigations.

THE ROLE OF OXYGEN IN THE CELL

Dissolved molecular oxygen (dioxygen) enters into many
etabolic processes in the mammalian body. Quantits-

commonly NADPH, Well s examples are the
cytochrome P-450 hydroxslases, which play an impor-

tant role in detoxification. Mixed function oxidases are
also concerned i the conversion of phenylalanine to
tyrosine and of dapamine to noradrenaline, the co-
substrate beirg, NADPH for the former and ascorbate
for the laster.

Energy production
Most of the energy deployed in the mammalizn body is
derived from the oxidation of food fuels, of which the
most important i glucose.

,+60; - 6CO, + 6H,

+enersy.

The equation accurately describes the combustion of

by a large number of stages with phased production of
energy. This energy is not released immediately but is
stored mainly by means of the resction of adenosine




36mol-

ATP. The third phosphate group in ATP s held by a high-
energy bond that relesses its energy when ATP is split
back into ADP and inorganic phosphate ion during any of
the myiad bilgi] exctons i eneny npu.
ADP is thus recycled indefinitely, with ATP acting as

‘bt exmstore Fenergy bl na form tht iy be
used directly for work such as muscle contraction, ion
pumping, protein synthesis and secretion.

“There is no large store of ATP in the body and it must
be synthesised continuously s it is being used. The
ATP/ADP ratio is an indication of the level of energy
that is currently carried in the ADP/ATP system and the
ratio s normally related to the state of oxidation of the
cell. The ADP/ATP sy shortterm
energy store in the body but it i the most important

The uses of ATP in the body lie outside the scope of
this book, but its production from ADP is highly ele-

i

Complete oxidation of glucose requires a theee-stage
process, the first of which, slycolysis, is independent of
oxygen supply.

Gly(nlysis ‘and anaerobic energy predmiun

Figure shows detail of Jycolytic
(Eunhdm\-‘/lcmrhnﬂ pathway for e
glucose to lactic acid. Glycolysis occurs entirely within
the cytoplasm and under normal conditions proceeds
only as far as pyruvic acid, which then enters the citric
acid cycle (see below). In RBCs, where there is an

located in the mito-

is produced. Figure

shows that, o), o clecuesof ATP ar produced,

but two of these are consumed in the priming stages
110 dphosghte,

ccules of ATP. Alkermatively, actic acid may be converted
into v glycogen to await more favourable conditions
for axidation. Conversion of glucose to ethyl alcohal
(Fermentation) provides cnerty without the consump-
ion of oxygen i certain organisms but not in animal.
“This pathway also vields two molecules of ATP for one
of glucose.

In i of s inefciency for ATP producion, nsr

requirements outstrip oxyeen supply s, for examle,

during severe exercise or during hypoxia
Aerobic energy production

The aerobic pathway permits the relesse of far greater
G et substeate
and is therefore used whes

the same amount of

never possible. Under acrobic
most_reactions of the glycolytic pathway

conditions,

Hmhnlsios (el i o producing
acid. Similacly, pyruvate does not continue along the
,m»my to lactic acid but diffuses into the
R e e e bt

mitockon-

The ctric acid (Krebs) cyce oxcurs witin the mitochon-
dria a5 shown in Figure 11.14. e consiss of seris of
reactions to reduce the lengeh of the carbon chain of the
molecules before adding a new 2-carbon chiin (accty]
CoA) derived from glycolysi. During these reactions, six
‘moleculesof carbon dioxide are produced (fo each mal-
e hcos) o wih e i moleuls o
d one molecule of

of FADH;. Therefore in toul

t©
produces a mamgm ion, which
o Cragtochosdal Sicomide
adenine dinucleotide (NAD). This hydrogen cannot
enter the mitochondria for further oxidative metabolism
and so s taken up lower down the pathway by the reduc-
tion of pyruvic acid to lactic acid
This series of changes is therefore associated with the
et formation of only two melecules of ATP from one
of glucose.

Glucose + 2Pi+ 2ADP - ZLactic acid + 2ATP + 2H.0

(B = s phsphate)
remins n the

each ghucose malecule ,m-xa‘ 12 hydrogen ions bound
cither NAD or FAD carrier molecales.

“The scheme shown in Figure 11.14 also accounts for
the consumption of oxygen in the metabalism of fat
After hydrolysi, glycerol is converted into pyruvic scid
while the fatty acids shed a series of 2-carbon molecules
in the form of acetyl Cod\., Pyruvic acid and acetyl CoA
enter the citric acid cycle and are then degraded in the.
same manner as though they had been derived from
ghicose. Amino acids are dealt with in similar manner
after deamination.

s the final stage of energy

chich, in the
i e e T e e e

production and again oceurs in the mitochondria. The
hydrogen ions from NADH or FADH are passed slong
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Figure 11.13 The ghcolytic

(Embden thway for anaerobic

metabalism of lucos. From gyceraidehyde-3-

phosphate down: culesof a

intermediate are formed from one of gl

Note the consumption of two molecules of ATP
the st thr st be set

Fructose-phosphate.

& #hospro.

== fuctobease

Fructose, sipnosphate

Giyceradetyde-3 phosphate (2)

Lo

prosphogyceromutase
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Phospiioenol pruvic scid 021

a chain of hydrogen carriers to combine with oxygen at
rome 3, which is the end of the d
shows the transport of hydrogen along the

Fi
chain,

eytoc]
1L15

o ATP,leaving 2 net ga of ony two molecules
Althe

acids arelrgelyfonised at ssue pH.

D"
NAOH

£

Cytochromes have a structure similar to haemoglobin

with an iron-containing haem complex bound within 2

large protein. Their activity is controlled by the avail-
hyd

clectron microscope: and arranged in rows along the
cristae of the mitochondria. Three molecules of ATP are
formed at various stages of the chain during the transfer
of cach hydrogen ion. The process is not associt
dicectly with the prodiiction of carbon dioxide, which is
formed only in the citric acid cycle.

abilty of d he local con-
centration of ADE. and by some unidentified cytosalic
factors. Different cytochromes have
for P and so may act as oxygen sensors in severalareas
of the body (page 65). There is evidence for an interac-
tion between NO and several cytochromes, with N
forming nitcosyl complexes in 3 similar fashion 1o its




s mopne
e

+Phosphoghcenae

22hosshoa)

Succnate

mitachonctial membrane, Many stages of the glycalytic

phmplmr)laucn 5 el 41 TP lenls Thes
along the two produced during glycolysis (se
Fiwe 11 |3) i ..t prochion of 38/ATS
molecules.

In simplficd form, the contrascing pathways can be
shown s follows.

ANAEROBIC PATHWAY  AEROBIC PATHWAY
Glucose Glucose
i
Pyrusic acid
L
CO: = H.O + 38 ATP
(1270 K of enerey)

Pyruvic scid
4

Lactic acid = 2 ATP
(67 K of enersy)

Invitro combustion of ghucose liberates 2820 k. mol” as
heat. Thus, under conditions of oxidative metabolism,

5% ofthe total cncry i made svilable fo bological

to transfer the increased quantities of glucose, and there-
fore these organs suffer ATP depletion under hypoxic

periods, and this is rormal in the diving mammals,

that one molecue of glucose will prodice two molecuies of
Sl the ther intermesiste substances. Oy swo molecules of
ATP are procduced, along with 12 molecules of NAOPH, each
of which enters oxdative phosphorylation within the
mitochondra, producing three molecules of ATP (see Figure
s

zeaction wich haemoglobin (page 180) It postulsted

chat NO, or NO-derived nitrosyl compounds, may play

an important role in controlling oxygen consumption at
Highlesels of

jsm. When
the mitochondrial PO, is reduced, oxidative phosphory-
ormlly down to 2 level of about

NADH/NAD and lactste/pyruvate satios rise and

ATB/ADP i fls. Thecrical Py s between il

ferent organs and e species but, as an approxima-

tion, a mitochondrial X

may be taker

impairment of oxidative phosphorylation and a switch to
This level s, of course, far below

, for
example during sepsis, may prodce sufficieat inhibition
of cytachrome actiity and therefore oxyaen consump-

Significance of aerobic metabolism. Glycolysis under
aerabic conditions and the citric acid cycle yields a total
of 12 hydrogen molecules for each lucose molecule
used. In turn, each hydrogen molecule enters oxidative

s

the criical arcerial PO, because there normally exists
large gradient of PO; between arterial biood and the sitc
of utilisation of oxygen in the mitochondsia, as partof the
oxyien cascade (see Figure 11.1). Tissue hyposia is dis-
cussed further on page 338. The critical PO, for oxidative
phosphorylation is slso knowa as the Pasteur point an
o apphcsssns bt e cheptivsloay oF ypoma
in man. In particula, it has 2 powerful bearing on putre-
faction, many forms of which are anaerobic metabolism
resulting from a fall of PO, belowy the Pasteur point in, for
example, polluted rivers.
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Cpachiomea,

Tissue Fo;

It is almost impossible to_ quantify tssue P

0s. I s
cvident that there are differences between different

organs, with the tisse PO, influenced not only by arte-
vl PG but lso by the ratio of tissue oxygen consump-
tion to pefision. Hoswever, cven greater difficuliessrise
from the regonal varia E different
pasts of the same organ, which zre agaim presumably
caused by regional variations in tissue perfusion and
axygen consumion. Nor is this the whole story. As
described o page 14, movement of oxygen from cap-
ilries into the tisue s by simple diffusion, with
complex radial and longitudinal radicnts in PO; around

fons i tissue FO; in

capillary, and so anyswhere between the localarcerisl and
and the final tissue PO, will also depend

b
extramitochondiial NAD that cannt interchange.

oxyzenation of an organ, and indirect assessments must
be made (page 195).

TRANSPORT OF OXYGEN FROM
THE LUNGS TO THE CELL

The concept of oxygen delivery

The most important function of the respiratory and cir-
culatory systenss is the supply of exygen to T
the body in adequate satisfactory
partial pressare. The quantity of oxygen made available
to the body in one minute is known as oxygen delivery
(D0 or oxyzen flux and s equal <o cardiac output x
arterial oxygen content.
At rest, the mumerical values are approximately:

5000 1 bload per min x 20l O, per 100mi blood

between the : | which
may be up to 200 . These factors explain why the
lrgest dropin POy of the oxygen cascade i the fnal stage

cen capillary and mitochondrial PO (see Figure
11.1) I spite o this sometimes long dffusion path and

alue for mitochondrial PO, oxygen supply i
extremely cfficient and it is believed to be the supply of
metabolic substrates (fatty acids and glacose) that nor-
mally limit cellular energy production.® Tissue PO is
thus an unsatisfactory quantitative index of the state of

content)
000 ml O, per min
(oxygen delivery)

OF this 1000 mlmin, approximately 250 ml.min ! are
used by the conscious resting subject. The circulting
blood thus oses 25% of ts oxygen and the
blood is approximately 70% saturated (ie. 95— 25

70% of unextracted axygen forms an important reserys
that may be drawn upon under the stress of such




conditions as exercise, o which additional extraction
foms one of the ftegrted o ( ce Fix
53)

e
ery but the relationship is non-lincar. Modest recluction
of osygen delivery is well tolerated by the body which

tracted venous oxyeen without reduction of oxyeen con-
sumption. However, below 2 critical value for delivery,
and.

relating the value to body surface area. Oxysen delivery
divided by surf own 25 the oxygen deivery
index and has units of mlmin " %,

e area is kno

Interaction of the vanabk factors.
governing oxygen
Eaustion (5) ones o the i m...x side, three vari-
able factors that govern oxygen

hypoxia. The important quantitative aspects of the rela-
tionship between oxygen consumption and delive
considered below.

Quantification of oxygen delivery
The srterial oxygen content conssts predominandly of
oxyzen in com ‘hacmoglobin and this frac-
tion i given by the following expression:
Cao, = 2o, X[HbI X131

where Cao, is the erterial osygen content, Sao, is the
arerial oxygen sauston (s  fscion) and (M) i
the hacmoglobin concentration of the blood; 1.31 is the
Yot ot o bl e oot combine
with 1 of haemoglobin (page 17

e i e
physical solution, which will be of the order of 0.3 m.

bination with

dl' and the expression for total aterial oxygen concen-
tration may now be expanded thus:
Cio= (Sao, x [Hbl x 131)+ 03
il 00 gd mlg! mlde
eg 19 = (097 x 147 x 13D+ 03
@

Since axygen delivery is the product of cardiac output
and anerial oxygen content

Do: % Cuo,
mlmin® Lmin'  mldt
eg x 19 )

Qs cardise output (right-hand side i multplied by 2
scaling facor o

By combining equations (4) and (5) th full expression
for oxygen delivery is as follows:

Dor = Q@ (S, x [Hb] x 131) + 03}

mlmin” Lmin"' %100 gd” mlg' mldl"

51000 = 525 x (097 147 x 131) + 03}
©

(right-hand side is multplicd by a scalin factor of 10)
For comparison between subjects, values for oxygen
delivery must be related to body sizc, which is done by

1. Candi (or, fora Dam(ul.\re'\l:m,lhu regionsl

blood flow). Failure of this factor has been termed

stagnant anosia’

e i Pl of ok o S

ever resson) has been termed. ‘anoxic

3. P i o e Y o Mgt
o o of e g s bean temned o

el of et mpan e cond
ot I 1930 and bas

1116), which shows the possibiity of combinations
of anoxia or all three together. For
example, the combination of anaemisa and low cardiac
output that occurs in untreated haemorrhage would be
indicated by the overlapping area of the stagnant and
anaemic circles (indicated by X). If the patient also suf-
fered from g iy he might then e into the
centalarcy ndicoin he sddiinof o s

cheerd e e
Putiens wich anaemi. ncrlly have 3 high codie
output; subjects resident a alitude have polycythacmis,
and s0.on.

of any two

ful note, comper

Figure 11.16 Barerofes classficaton of causes of hyposia
displayed on a Venn diogram tousrate the possibilty of
combinationsof more than one type of ypoxia.The lowest
ovelap, marked with  cross,shows coexistent ansermia and
low cardiac output The centalarea flusrates a combination of
3l threa types of rypoxia (e patient with sepsis resulting in
anaemia, circlatonyfaure and lung injury).



T cmneesetes

Figure 11.17 Grid relating oxygen delivry and
consmplon o exacionand d s
Oxygen ssturstion, o the assumption of 7%
o o s bloos. o spo matks e

orma resting values.

B %0 80

s bt

It important o noe that oxygen delivery equals the
produc of three variables and one constant. If one vari-

that applies provided that delivery remains above 1
value. This s shown by the horizontal lire in Figure

erit:

ableis aled, dlvery e v
are simultancously halved then delvery is reduced to
bt of the oiinal value. Onc-cighth of 1000 3
sl that, if maintained for
mpatible with life, although

‘The relationship between oxygen
delivery and consumption

“The relationship between D0; and oxygen consump-
tion (V03) is best illustrated on the coordinates shown
in Figure 11.17. Th

as defined above, while conssmption is show
lines_osiginating from the
point indicate different values for
(V0y/D0:) expressed as a_percentage
mixed venous oxygen saturation i the arterial saturation
minus the extraction, it i 2 simple matter e
the mixed venous saturation,

inate. The fan of

black dot indicates
point, with DO,
f 250 mlmin”' and extra

3 ction
Senous sauration will therefore be about 70%.

When oxygen delivery is moderately zeduced, for
whatever reason, oxygen consemption tends to be main-
tained at its normal value by increasing oxygen extrac-
erefore decreasing mixed venous saturat
e of additional anaerobic
m, such e ncresed actteproducton, This
s termed “supply-independent oxygenation’ a condition

level

consumption decreases as a linear fw-mon SEcley
This is termed “supply-dependent oxsgenation’ and is
s
increased blood lactate and organ fa

Pathological supply dependency of oxygen consump:
surce of controversy for m:
s, the transition between supply-
bt s s sl e
{omnical oxygen deier, see Figar 11.18) was hought
to move to the right, such that increasing oxygen deliv-
ery continued 1o increase owygen consumption even

o oo ey

any vears”

adics faled o confm the benefis of thi sggressve

management of oxygen delivery ! Furthermore,

value for criical oxygen delivery in ll patients rem:

elusive, ! mostly due to the considerable difficulties in

assessing the remmnfhp between axygen consumption

and delivery in this sroup. It i therefore possible that

the value for cnu:al o i e n
o

ne benefits to patients from deliberately increas-
i1 Do v seem 5 be inenal o non-ceistent S and
current advice is to concentrate more closely on ad
ing normal values i
ind blood volume, rather than pursuing supranormal
targets.

for cardiac output,
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Eracton: 0%, 60 S0

Figure 11.18 This sagramis base on the grid
hown i Figure 11.17. For an otherwise healthy
subject the thick horzonta fine shows the
e towhihomoen delery cnbe edced
mption and
causing signs of celllar Wbmﬂa uprly

B e
T

posalned it delvey,omgenconsmpson
becomes supply dependent and there are signs
of hypora. There is uncerainty about the exact
valuesforcitcaldefiveryin oxhervise healhy.
subje

0

0 70 50 50 1000 1100 1200

Y

Inthe lungs (FRC) 450 3000

Inthe bi 850 950

Dissolved n tissue 50 7100

Combined with 7200 200
myoglobi

Total 1550 250

able reduction in PO Half of the oxygen in blood is
sl retuined when the PO; is reduced to 3.5kPa
(26 mmig). Myoglobin is even more reluctant to par
with ts oxygen snd sery litdle can be released sbove o
POy of 2.7 kPa (20 i),
Breathing oxysen causes 4 substantial increase n toul
oxygen stores. Most of the additonal oxygen i accom-

after breathing oxygen, there is no difficuly in breath
holding for several minutes withost becoming hyposic

FRC, functional residual capaciy.

OXYGEN STORES

e of s et ikl importancs, ogen i 2

in a biological system. There is
ac mry  raco o e casage
Haemoglobin s the most effcient chemical carricr, but

entration of any ather protein in any body fluid.
Even so, the quantity of oxyzen in the blood is barely
sufficient for 3 minutes’ metabolism in the resting
state. It is 2 fact of great clnical importance that the
so small and, if replenishment
ceases, normally insufficient to sustain life for
more l]mn ; fe minutes, The principalstores are shown
in Table |
Whil g he el e
stores very small but also, to make matters worse, only
part of the stores can be relcased without an unaccept-

in factors affecting the alveolar or arterial PO, wil

cffects very quickly after the change.
This is in contrast to carbon dioxide, where the size of
the stores buffers the body azainst rapid changes (peze
158) Figure 1119 compares the time coure of chrges
in PO, and PCo; produced by the same changes in ven-

Factors that reduce the PO, ahways act rapily, but two
examples of changes that produce anoxia illusteate dif-
ferent degrees of 'rapid!

Circulatory arrest. When the circulation s arrested,
hypoxia supervenes 25 so0n 2 in the tissues
enant capillaris has been exhausted. In the case
of the brain, with its high rate of oxyeen consumption,
ther s el st 10 s o conesnees i

lost. Circulatory arrest also differs from other forms of
h, poxia in the failure of clearance of products of anaer-
obic metabolism (c.z. lactic acid), which should rot
oceur in arterial hypoxacmi

noea. The rate of ansct of anoxia depends on the
inital alvcolar POy, the lung volume and the rate of




o 2
‘e nversiaron

Figure 11.19 The upper par of curves idicate th
change ofarterial £, folloving a step change n ventasion.
conds. The rsing

ffom 2 to 4 Lmin” while resthing ai (see Figure 11,2, The

Fixed performance systems

These allow the delivery of a known concentration of

by respiratory rate, tidal volume and nspirstory flow
rate. Methods may be divided into low-flow (closed) or
high-flow (open) delivery systems.

Closed defivery systems. A crucil factor in oxygen
herapy is the nature of the scal between the patient’
sinway and the external breathing right
sl oy b chined wich e rache ot
cheostomy tbes or, at sures, with &
e vng fcemeek or Lyngeal mavk sivy. These
devices should give complete canrol over the composi-
tion of the inspired gos. Any closed delivery sysiem

apparatus. Al

low airay pres:

curvs indicate the time course of changes n PC0, which are

xpired gases to prevent
fcant resistance to

able separation of insired and ¢
breathing snc de 5

arsater detalin Figure 10.11).

oxveen consumprion. 1t is, for example, more rapid
wiile swimming underyter than while breath bolding
it rest in the kborators. Genesally spesking, afier

ki pnoca resuls in @ sub-
statial fll of PO, o 3 level that threatens loss of
consciousness. 1 a patient has previously inhaled a few
breaths of oxygen, the aterial PO, sbould remain above
13:3 kP (100 mmH) for at Jeast 3 minutes of sprocs,
and this s the basis of the usual method of prosection

st hypoxia during any deliberate interference with

of a gas mixture enriched with oxsgen, then the carbon
diovide will ive the earlir indication of hypoventlation.
It should be remembered that oxygen levels chanse
d are potentially much more dangerous.

a change in ventilation) and are usually less dangerous.

CONTROL OF THE INSPIRED
OXYGEN CONCENTRATION

Much of this chapter has been concerned with the the-
orctical basis for selection of the optimal nspired oxygen
concentration for a particular pathophysiological sate. It
now remains to be considered how this should be put
inta effect

breathirg,

Open delivery systems. Most dispossble oxygen masks do
ot attempt <o provide an airtight fit. An alternative solu-
tion o the problem of the airtight seal i 10 provide &
high flow of gas, which can vent to atmosphere between
the mask and the face, thus preventing the inflow of air
“The required flow of air/oxygen mixture needs to be in
excess of the peak inspirstory flow rate. For normal
resting ventilation this is approximately 30 Lanin” but in
patients with respiratory distress may be considerably
greater.

Oty b ptnedthoigh the e shaiito
enteain air, Venturi-based dev
highly e prtpamvg iah fows of
tures inthe range 25-40% concentrstion. For
" of oxygen [msed

are a comvenient

require a lower entrainment ratio and thercfore 3 higher
oxgen fowin ordey tain an adequate total deliv-
ered flow rate. Commercially available Venturi masks
e have a variety of colour-coded Venturi sttachments
that indicate the required oxygen fow rate, the inspired
xygen concentration achieved and the total gas flow
rate. With an adequate flow rate of the air/oxygen
‘mixture, the Venturi mask need not fit the face with an
seal. The high flow rate escapes round the cheeks

effectively excluded. Numerous studies have indi
fias U Sentr ik g escellns contol e dhe
inspired oxygen concentration, with an_accuracy of
1% mmmd Ty v i T et o the
patient% There is o doubt that this s the most
sarifactory method of controlling the inspired oxygen




concentration of 2 patient who is breathing sponta-
neausly without trecheal intubation.

Control o the patient’s gaseous environment. The popu-
larity of oxygen tents declined because of their lage
volume and high ate of eakase, which made it diffcult
attain and maintain  high oxygen concentestion unless
the volume was reduced and a high gas flow rote tsed.
In addiion, the These
patient is an infant

and osygen control sithin an incubatr s 3 satisactory
method of administering a precise oxyzen concentration.

Hyperbaric oxygenation. T systems are in use. One-
man chambers are filed with 100% oxygen and the
patient is entirely exposed to 100% oxyen a¢ high pres-
sure, no mask being required. Larger chambers are pres-
e
oxyen is ma le to the patient by means of a
g feting acemask

Variable-performance devices
Simple disposable oxygen masks and nasal catheters aim
£ blow oxvgen at or into the air passages. The oxyen
is mixed with inspired sirto give an inspired oxygen con-
e i function of the geometry of

e de n flow rate, the patient’s ventila-
i he i i brcahing shrough
mouth or nose. The effective inspired oxeen concen-
tration is impossible to predict and may vary between
very wide limits® These devices cannot be used for
oxygen therapy when the exact inspired oxygen concen-
tration is critical (e.g. ventilatory failure), but are useful
I s e S e A
anaesthesi.

With 2 device such as a nasal catheter or prongs, the
lower the ventilation, the greater will be the fractional
contribu ced flow of oxygen to the inspired.
gas mixture. There is thus an pproximate compensation
Tetopentiston s il oveton st

Toweer levels o 170,

ial hypoxaemia. Though now regarded as 3 sign of

iven warning of hypoventiation, pulmonary shunti
stagnant circulation or decreased oxygen concentration
of inspired gas. Indeed, it is interesting to speculate on
the additional hazarcs to life if gross arerial hyposaemia
could occur without overt changes in the colour of the

blaod.

Central and peripheral cyanosis
1£ shed arterial blood is scen o be purple, this is a reli
able indication of arerial desaturation. Hovwever, when
skin or mucous membrane i inspected, most of the
bl that cleurs s tise s bin i e (. su-
papillary vemous plexuses) and ts oxygen content s
Telue 1o theanieral Grygen conton fallw
rtetalsenous
~ oxyzen content
diffr

arterial oxygen
content

venous oxygen
st term may be expanded in terms of the tissue
metabolism and perfusion:
venous arterial

oxygen = oxygen
content content

_ tissue osygen consumption
tissue blood flow

normal circumstances, the oxygen consumption by
theskinsusually o n et o cicultion, s the
second term on the right-hand side of the second cqua-
tion is generally small. Therefore, the cutancous venous
oxyigen content i close to that of the arterial blood and
inspection of the skin wsually gives a reasonable indica-
tion of arterial oxygen content. However, when circula-
tion s reduced in reltion to skin oxygen consumption,
eyanosis may occur in the p of normal arterial
oxygen levels. This occurs typically in paticnts with low
candiac ot o in <okl weather. Vigorous coughing
particularly when lying flat, or placing  patient in the
Trendeleniburg position, cautes the skin capillries of the
upper body ta become engorged with venous blood, once
agsin causing the appearance of cyanosis with aormal
arterial oxygen content.

may the

Tenlaion, However,dhis willdo pothing O prevent th
= ch a dangerous level without

e appeasance b Eyasis o wir Sl s SoewelL e

CYANOSIS

Cyanoss is a blue discoloration of a subject’s skin and
mucous membranes and i almost universally caused by

y
of hypoxaemia

o factors may affect the ability to detect eyanosis.

duced amount of haemaglobin in blood

haemoglobin. were
cyanoss. The evidence for this was poor ard it is now
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sl omnd st cpnoss con be détected when

ont than 1.5 gdl” of reduced
e o o i sl e st o
85-90%, although there is much variation. Such levels
would probably correspond to a “capillary” reduced.
hacmoglobin concentration of ahout 3 gl

‘The importance of the source of illumination.* Different
types of fluorescent lighting used in hospitals affect the
perelved colourof  aient's i Some fmps tnd o
‘make the patient look pinker and others impsrt 2 bluer
R e e

However, th

el the same with all tubes, Provided all areas of the
same hospital are lluminated with the same type of tube:
this effect s unlikely to adversely affect the assessment

slow response times, but technological progress has led
to the availibility of inexpensive, accurate and robust
anlsesthat s o found in 3 whol ange of aacs

i o tense e e
i emees of R B e i v

analysers have much faster response times and so are
ly capable of tracking breathby-breath oxygen
concentration.

Fuel cells have similariies to the polarographic electrode
describedbelow. An_oxygen-permeable membrane
covers  cell made up of 4 gold cathode and a lead anode
separated by potassium hydroxide, which generates a
current in proportion to the oxygen concentration. The
esponse tme s many seconds,so these analysers are not
suitable for

crced by the circuliton, patien postion, hsemeglobin
concentration and lighting conditions. Even when all
these are optimal, eyanasis is by no means 1 precise indi-

of the arterial oxygen level and it should be
rded a5 2 warning sign rather than a measuren
Cyanosis is detected in sbout half of patients who have
an arterial saturation of 93% znd about 95% of patients
with a sacuration of §9% . In other words, cyanosis is
89% (arterial PO, = 7.5 kPa or 56 mmHg). It is quite
clear that absence of cyanosis does not necessarily mean
normal arterial oxygen levels.

Non-hypoxic cyanosis has several causes, ol of which are
fore, but worth considering in a patient who appears
e bt dloys o e eienc of poss
Sulplibseroglobin ard, more importantly, metkaco-
otin (s conccnteationsof 1.3 §.01) cuse  be-grey

hronic. use of drugs or remedies

ppearance’”
that include gold or slver has been reported 1o cause
pscudo-cyamosic

PRINCIPLES OF MEASUREMENT
OF OXYGEN LEVELS

Oxygen concentration in gas samples
aramagnetic analysers rely on the fact that oxygen will
inunce an clcirclly generated magrci feld i
dxmu e ure of

5 oy ataacive (st of the method
= ph\‘sml»gxml use s the complete lack of interference
by other gases likely to be presens, as significant para-
et o enics re onloe.to oy Eaty. parss
magnetic analysers were cumbersome, delicate, and had

cnteaions, No lctrical mpt s needd, the fue el
acting like a battery generating its own power from
absarption i o ol
o lirited Lfeapan,depending on the total amount of
oxygen to which t is exposed over time, but in normal
elinical use fuel cells last several months.

Blood Po,

Presious chemical-based analyses bave now been com-
pletely replaced by 4 single method

Polarography. This mechod, first described by Clark in
1956, is based on a cell formed by 2 silver anode and.
a platinum cathode, both in contact with an elecirolyte
in dilute solution. 1f a potential difference of about
700 mV is spplicd to the cell, a current is passed that is
dircctly proportional to the PO of the electrolyte in the
region of the cathad. In use, the electrolyte is separated
from the sample by a thin membrane that s permeable
to oxygen. The electrolyte rapidly attains thy
s the sample and the current passed by the cel
portionsl to the POy of the sample, which may be gas,
blood or othe liuids, Gas mixures re normlly e
o e bkl sl ke e b o Gk
Gl n rﬂd\ng berween blood snd gas ofthe
mates of the ratio very between 1.0 and
117 bat irmay m..;(» unexpeceily die (0 changsin
the posicion of the m This source of error
el il s i,
consume much less oxygen at the cathode. The error
ation with

pe equent measurem 3
samples leads to protein deposition on the membrane,




Figure 11.20 Near infared absorption spectra
for the four common types of haemoglobin
inyivo. The sobestc point for oxy-and

ferent wavelengths. (037 rom reference 72)

which over time forms a diffusion barrier between the
sample and the electrolyte. Regular cleaning with  pro-
teolytic solation is theref

Polarographic.electrode:
caough 1o fclte coninuons il maniocing

de small

and PCO, sensors
(el it st
0.5 mm in diame

Errors in measuring oxygen levels. Errors aising from the
handling of samplos for blood gas analysis are considered
on page 161, Temperature has a marked effect on PO
‘measurement. If blood PO, is measured at a lower tem-
perature than the patient’s, the measured PO wil be
lessthan the PO, of the blood whil it was in the patient.
It usual to maintain the measuring apparatus a¢ 37°C,
and, if the patient’s body temperature differs from this
 more than 1°C, then a significant error will result
Correction is possible but the factor i variable depend-
ing on the saturation.”! Automated blood gas machines
weill erfom sis corection,prvied th patient's tem-
perature is entered; alternativel, a nomogram may be
R e

an 1

Temsotmscni ol Cotmere oo ol

changes in PO;. As for transcutancous PCO; (page 163),
heating of skin to 44°C minimsises differences between
arterial and capillary/skin PO, which can be measured
b a dircly applied polrogaphic clectrode, Mssure-

Oxygen saturation

Blood orygen saturation is messured photometricall.
Near infrared absorpion spectra for different forms of

based on the fact that the absorption of monochromatic
light of certain wavelensths is the same (isobestic) for
reduced and oxygenated hacmoglobin (800 nm). At
other wavelengths there is a marked difference between

quantification ofocher commonly prescnt haemo
For example, current gererations o
absorption at 128 different wavelengths and from the
pectra obtained can calculste the quantitics of oxy-
haemoglobin, deoxyhacmoglobin, carboxyhacmoglobin
and methaemoglobin

Saturation may be derived from POy, a process which
is performed automatically by modern blood gas anly-
sers (page 177). This is reasonably accurate above a POy

uration o.mu Ty 3 or 3 oy change of oy 0.13 K4
(1 mmHg).

Pl oxinety” Saursion may be mesared hote
metrically in vito as well as in vitro. Light at two dif-
oo e e e e
i car lobe or else is eflected from the skin, usually
on the forchesd. The usual swavelengths wsed are
660 nm, where there is a large difference between the
oxy- and deaxyhaemoglobin spectra (see Figure 1
and 940 om, close to the

ment of PO at
Pl e

esis e dedien et boc e



blood flow to minimise the arterial/venous oxygen dif-
ference, The older techniques have now

pleely replaced by pulse aximeters, which relate the
enths 1o he pule
x sgnal beeween
S e e
height of the pulse wave, the difference being due to the
inflowing arteria blood and s refecting the sacuration
of the arterial blood,

Instroments currently available continue to function
even in the presence of severe arteril hypotension,
ch hert s il deleved indicationof hangs
insaturation. Ansemia tends o exaggerate desatuation
readings. A1 a hacmoglobin concentration of Sgdl”,
normal saturations were correctly recorded but ther
was  tcan bias of ~15% at a tre saturation of 33.6%.
The problem was only

been com-

Jinicaly imporcan below a st-
uration of about 75%. I ingers ortoes are used for pulse
oximetry chen nal polsh should be remosed. Different
coloured polishes cause varsble decreases in the cxime-
ter reading, with red/purple colours hasing very litle
ffec and green/blue colours causingan versge of 5.5%
decresse i saturation readings

Puls ximeters canaot ditnguih between crbory-
and oxyhaemoglobin (see Figure 11.20).” Methacmo-

haemoglobin up to about 20% methaemo-
slobin. At higher levels of methaemoglobin, pulsc oxime-
ter readings tend to become fixed at about 85%
Clbration of pulse oximeters presents a problem.
Optcl lersmay be used o rotine clibration, buc
0,

o o h ke e o of e
reading s subject to many of the sa sas with
e e clectrode, Nevertheles, tsic smfoce PO
may provide the surgeon with useful information regard-
ing perfusion and viability in cases of organ ischaemis
Changes in PO may also provide useful information
on the cfficacy of surgical techriques to improve
circulation.”

Near inrared spectrascopy.™ The biochemical state of
e cxdation may be detemined by the e of -
mission” spectroscopy in- th (700-
1000 ) sk S e feletivly it The
state of relative oxidation of haemoglobin and cyto-

to permit monitoring, of

sl smesment of oxygeration in, for exa
3 few cubic centimetres of br

fiiled to gain widespread aceeptance because of inter-
ranial tissue, particularly scalp blood
lties with calibrating the readings and
defining any ‘normal’ salues.

ich are the

the gold standard is
or ssturation, which is seldom undertoken ey oxy-
senation i critcal, there is no substitute for direct meas-
urement of arterial POs.

Tissue o,

rly the tissue POy i of greater significance than the
PO, at various intermediate stages higher in the oxygen
cascade. It would therefore appeer logical to attemp the
messurement of e B
dificult both in technique and in interpretation. For
e R e
inserted dircetly into tissue and PO, measured on the tip
s of interpretation arise from |
thin the tissue

varlesimmensely i
and even within a single cell (page 144). Thus direct
PO, has n0 place in clinical

‘monitoring,

Tissue surface electrodes. A miniaturised polarographic
lectrode may be placed on or attached to the surface.

A s O i (ot
practic it is more usuel simply to seek evidence of
Foierobic e metatelin, T the hasace of tss
tissue perfusion and oxygenation can be assumed to be
scceptable. Indirect methods chat assess global (e
whole-body) tissue perfusion include. mised. venous
osygen saturation, measured either by sampling pul-
using a breoptic catheter to
jzen saturation continuously in_the pul-
Blood lactate Tevels also provide o global
vion of tisue pefusion, However sccepabl
slobal tissue oxygenation provides no reassurs
Fircion St o bkt i s sl S
entice organ. Methods of assessing oxsgenation i spe-
cific tissue have focused on the gt hecause of case of
access and the observation that gut blood flow s often
the first <o be reduced when oxygen delivery is inade-
quate. Gastric intramucosal pt measurement allows an
assessment to
mucoss, which
assessments of tissue oxygenation and patient well-being
during eritcal illness.




Sprometer

MEASUREMENT OF OXYGEN CONSUMPTION
AND DELIVERY

Oxygen consumption

There are three main methods for the messurement of
axygen consumption:

oxygen loss from (or replacement into) a closed
breathing system
suh{mnmn of the expired from the inspired volume

nm]uphcmm\ of cardisc output by arteril/mixed
nous oxyen content difference.

dioxide output s measured as the product of expired
minute vlume and mean carbon dioxide concentration
in the cxpied gas. BF, bacteral iter. (Reproduced wi
permission from Makita K Nunn JF,Royston 8. Ealuation
of metabalic measuing instuments for use n criicaly il
patients. CricCore Med 1990; 18: €35-44.

expired oxygen “concentration) from the volume of
oxygen breathed in (inspired minute volume x inspire
oxygen concentration). The difference between. the
inspired and expired minute volumes is  very important
factor in achieving accuracy with the method, particu-
arly when a high concentration of oxygen i inhaled
d and expired minute volumes differ a5 resuft of
the respiratory exchange ratio and also any exchange of
inert gas (e.g. nitrogen) that might occur. On o
cion that the patient s in equilibrium for nitrogen and the

cassump-

i
2
it

<o the respective ratios of

roportional
nitrogen concentrations. Therefore:

system. Peobbly the simplest. mechod of measuring
oxygen consumption is by abserving the fos of volume
from  closed-cicuit spirometer, with espired carbon
dioxide absorbed by soda lime. It is essential that che

is dangerous for the subject or
patient, Altemaively, a known flow rate of oxygen may
be added to maintain the volume of the spirometer and
oxygen concentration constant: under these condi-
tions, the oxygen inflow rate must equal the oxygen
consumption. The technique may be sdapted to the
conditlonsofarcfcal vendiaion (Figure 11.21) but the

Inspiced =

pired nitrogen conct

Inspired nitrogen concentration
The o of e mgn concetatons e o =
the Haldane transformation factor, which is used o
Sl e e e o the el
minuce volume that is normally measured. Use of
Haldsn fcors s nly ald the subject is in equilib-
sium with regard 1o nitrog

T i the pais o the chsic Douglas bog techmiaue

cechnique, although accurate,

Subtraction of expied from inspired volume of oxygen.

“The essence of thesechnique s subtrsction o the volume

of oxygen breathed out (expired minute volume x mixed
19

“The expired itrogen concentration is determined by
The

approach has been automated by several manufacturers
and their systems can be used satisfaccortly durt

ficial ventilation ™ The essent

ment of gas composicion of nspired and expired gas by




the same analysers under the same condition of humid-
ity temperature and pressure, with a very high level of

hase had considersble success in overcoming the formi-
dsble practical problems

nce i ealilbe i the case of ey g bt b
st when the ongs e ket L® Stties compar
el o) ol
betuween different mum groups. The necessity

patients with norml lungs undergong cardiae sugery

content difference. This approach is the reverse
of using the Fick principle for measurement of cardiac
output (see page 106) and is commonly known as the
reversed Fick technique.

Vo,

(Cao, ~Cier)
vhese V0 i the xygen consumprion, Qs he codic
ouput, Cao, is the arterial oxygen content and Cvo,
£ i v o e
The technique s esentially invasive, as the cardioc
wutpuc must be measured by an independent method.
(sslly themdluion) nd it is aho nesesay o
ple arteral and mixed venous blood, the latter
o o ke s g Nl
convenient in the critical care situation sehere the nec-
essay vascular lines are commonly in place
The method has a larger random esror than the gaso-
metric techniques described above, but also has a sys-
ematic error as it excludes the oxygen consumption of
the lungs (Figure 11.22)." In animal studies, the differ-

g

R
onsumgrion

Ouygen deliary.
Owygen consums
Cardc o |

Figure 11.22 Schematic representation of the essential

of the lu
R st b e
so far indicate that the pulmonary contribution may be

risble, depending on many physiological and
pathological factors Y2557

Validation of methods of measurement of oxygen
soE eSS L rzqmred ¢

red gas by nitrogen
aton e she sdltion of carbon Ao

and the preparation of a mock ex;

Oxygen delivery
Oxygen delivery is measured as the product of cardiac
output and arterial oxygen content. This excludes
axyzen delivered for consumption within the lung, In the
ntensive care situation, cardiac outy

at is now commonly

technique, it should be remembered that two of the
sariables cardiac output and arteral oxygen content) are
ot b memiiete (T oo
2 potential source of error in inferring the consequences
Fhanges ane roducsan theohes (e page 189
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Chapter

KEY POINTS

8 The entire cardiac output passes through the
pulmonary crculation, so the lungs act as afier,
preventing emboli from passing to the left side.
of the circulation.

# The lungs consttute a huge nterface between

1 2 Non—resﬁiramw ?;m

ion Mthe lung

entering the arterial system, where the coronary and
cerebral circulations are particularly vulnerable to dam-
aging emboli. Desirable though this Runction appears at
first sight, it cannot be essential to ffe, since it is par-
ially bypassed in patients with 3 right to-lef intracar-
diac shunt,

Pulmonary capillries hve o dimetr of abut 7 jon
but this do

requiring the presence of systemsfordefence
againstinfaled biological and chemical hazards
In‘he pulmonary circlaion thee s actve
uptake and metabolism of many endogenots
compounds,including amines, peptides and
eicosancics

Thefngsae prinarly adapted for she purpose of s

to be the effective pore size of
the ,..\m.mm circulation when considered 2s a filter
There is no clear agreement on the maximal diameter of
iy circulation.

pulmonary circulation (page 92),
shough the e e st et

e ‘passes through the lungs during.
This characteristic makes the lungs

tions. The location of the hungs within the circulatory
system is ideal for their role as a fil
systemic circulation, not only from particulate matter
but also from a wide range of chemical substances that
andngs removs o bixransforma

circulaton. The

mecl
lurge interface berween the external atmosphere and the
irculation is not without its own hazards, and the lung.
must_protect the circulation from many. potentially
harmfal inbaled substances.

FILTRATION

Sitting astride the whole output of the right ventricle,
the lang s ideally situated to filter ut partculate matte
from the systemie venaus return. Without such 2 filer,
there would be 2 constant risk of particulate matter

extensive invasio y
in the presence of an avert rightto-left
0 be quite

of

ies may occur i
e sont W . mow B

SRR S ok i e TG
the population have
sy nthe form oF it ke defect that act s a el
fore normally kept closed by the lefc

e-patent’ foramen ovale,

therefore result from a reacive increase in sight atrial
pressure caused by physiolegical events or pulmonary
embolus (see Chapter 29).
S e
of the pulm: tion is particu-
B ks i e g bl e
thefaceofquielrgedegrees o embolstion. However
a significant degree of embolsaton inevitably blocks the
circulation to parts of the lung. distubing the balince
between veniltion and perfusion. This situation s con-
sidered in Chapter 29. Pulmonary microcmbolism with
soall chumps of fibrin and/or platcles will not have 3
direct effect on gas exchange until it i very extenst




| Nonespiatony functons o thelung

Plugging of pulmonary capillarics by microemboli does,
however, initiate neutrophil activation in the ares,
leading to an increase in endothelial permeability and
alveolar ocdems, snd has been implicated in the aetiol-

gy of acute lung injury (sce Chapter 31).
okt o el o Tl foethe Lot
from other organs. The lung possesses well-developed
i e o R e
Pulmonary endotheliu is known to be sich in plasmin
o plasmin,

peentient e b

sbstances necessary 1o promote of

monary circulation or lymph and transferred to conjuga-
tion with a; lobulin, which is ially destroyed in
the liver, Inactivation of such powerful protease enzymes
presents a significant biochemical challenge and the way

macrogl

scable state, held togecher b a looy
projects from the molecole with a par of methionine-
serine residues at its tip, which acts as a ‘bait’ for pro-
e enymes, When o poteseBindsche peid o,
3 bec and

pid

The molecule n action that has been kened

trap. Once flipped to the other side of the molecule, che

Preveas becomes bound 5o Ughtly withia a il

the a-antitrypsin that i s effectively crushed, prevent-

ing the conformational changes required for its function.
In 1963 a group of patients were described whose

dely o coingan s o Bbrinlyss. At rom
to

<clfof
play arolein e Nre el ol GE
od.

'DEFENCE AGAINST INHALED SUBSTANCES

skin, gastrointestinal troct and lungs form the major
interfaces between the outside world and the carefully
controlled internal body systems. Efficient gas exchange
in the lung requires & physically very thin interface

betuween air and blood, which leaves the lung velnerable
<oinvasion by many airborne hazards, both chemical and
biologicl.

Biological hazards

Inhaled bacteria, viruses, fungi and spores are effectively
dealt with by the respiratory mucoss, as d

be
swhich allows them to be removed ntact. Some will pen-
etrate decper into the bronchial tree, particularly when
the infective load is high during respiratory infections,
and must be dealt with by neutrophils, macrophages and
ather phagocytes.

Proteas rasportystem. Acivaion of nestophils i
the lung leads t0 the rekasc of dangerous proteases, p

TR e S b
o et b HEISF ibbecked
may sl damage lung tisues. There e ot least two

wehich is continually swept towards the larynx by the
cespiratory. cpithelium. Second, they are inactivated
by conjugation with o-antitrypsin, present in plasma.
Conjugated processes are then removed. in the pul-

b devloped emphysems. The ensyme defidency s
inherited s un autasomal recessive

gous patients result not from faled production of a-
antitrypsin, but from failure to secrete the protein from
he retained a-antitrypsin protein poly-
merises within the cell and leads to hepatic damage.

About 13000 of the population is believed to be
homozygous for the more severe Z mutation of the

a-antitrypsin gene, though many of these are belicved
%o succursb 10 plmonary and liver discase before the
deficiency is ever found.** Homorygotes

onset at a younger age
and a severe form of the discase. I thus appers that
arantitrypsin deficiency is an actiological factor in a
small proportion of patients with emphysema (poge
380). Smoking, which increases neutrophil protesse pro-
Guction (page 292), is sssociated with more severe fung
disease in patients with a deficiency of o -antiteypsin

Phagocytosis of pathogens. Neutrophils are common in
the mucus of the bronchial tree and it is well establiched

nestrophils,

e on the.
pelmoray ceply endothelm (pge 403).Following
immsno activation, these phasoeytic cells arc

ph
responsbiefor kling pthogend icighouti ]
do so by the formation of oxyzen-derived free radicals.
Very substantial quantities of oxyuen are consumed in
the formation of free radicals and related species derived
from molecular oxygen. The mechanism is described
csewhere (page 353) i relation to oxygen toscty



Chemical hazards

Meny factors will influence the fate of inhaled

chemicals.”
Fanld!nzz, S s a illaffect where
in the lun ion occurs. This i described in more

et elow Fox she delvery of drugs to the hung.

Watersolubity. Once incorporated into the lung issue,

water solubil the rate at which chemicals e

dlesred.from the lung, vith watersoluble substances

taking onger than lipic-soluble ones to be absorbed into
blood for disposal elsewhere.

Concentration of inhaled chemicals is important as
metabolic activity within the lung is easily sscurated.

Metabolism of ishaled chemicals is poorly understood
inthe buman lungand,though t has been extesiely
invescigated in amimals, are known to be large
species differences.’ ‘\lm\»h( sty s ound imall el
types of the respiratory mucosa, but in animals is par-
o Bt o b e 1 s
far cells (page 21)."'" As in the liver, metsbolism of toxic
hemicals involves two stage:

metsbolism, in which the toxic molecule
usually by

1 Phase |
s converted into 2 different compound,

oxidative reactions. This s achiesed i the lung by the

r ram, remaias considerably ess
active than the liver.

2. Phase 1l metsbolism involves conjugation of the
resulting compounds to ‘carrier’ molecules, which
e e s S

STEnE normalls by conjuztion with
slucoronide or ghuathione.’

Metabolic changes to inhsled chemicals may not be
beneficia, especially
R et e e
activation by phase |
i quite fnnoctious compavnds into potent carcino-
gens, whereas slightly different metabolic conversions
the reverse. " The balance between sctivating
and inactivating pathuways varies between species.

advantage, the hisiory
iy di

y of cigarerce smoking would have
been considerably differen.

PROCESSING OF ENDOGENOUS COMPOUNDS
BY THE PULMONARY VASCULATURE™*

Hormones may pass through the lung unchunged, others
may be almost entirey removed from the blood during
a single pas, and some may be activated during transit
(Table 12

he many ypes of cell in the Jungs,
endothelium that
i e
be stressed that endothelium from a very
vessels has been shown to possess @ simil
metabolic processes.'* Thisis fortunate because it is not

e

Dopami S-Hydroxytryptami
Adrenaline Noradrenaline
Histamine.
Peptides. Anglotensin | Angiotensin Bradykinin
Oxytocin Atial natruretic peptide:
Vasopressin ndothelins
PGD,
PGA; PGE,
PGF..
Leukotrenes
Purine derivatives
ATP, ADP, AMP




sl to st plmonaycopily endtheim and
cultures must be prepare endothelil
s Harvesd from other s, such as human bl

(uptake 2) in other tissues, which is less specific for
noradrenaline.

(SHT, serotonin) s removed very.

al vein. However, differences

i activity betviean endothelium from different vessels.
For example, endothelium grown from various non-
pulmonary vessels will not inactivate PG although this
s el known to occur in the pulmonary circulation. The
extensive metabolic scivity of the pulmonary endothe-
K ks o i ofhe pcty of

aciated with m

e tht

e R R
e e e e
hese cells (abot 126 ), which s particularly advan-
tageous for membrane-bound enzymes.

Catecholamines and acetylcholine.

gk eoreioepg Do e ki &
ference in the han

oo o
(and isoprensline and dopamine) are
Monoamine oxidase and catechol-O-metyl tansferase
within the endothelal cells will metabolise al amine
derivatives with equal eficiency: The specificity of pul-
endothelium for noradrenalie therclore lies

e al gyt s 9Bt e o
single p

i
3
¥
2
3
iy

Bl s i sl 8 i
ey e The halfife
G SHIT in oo s ot 1.2 rmates &
e
recirculation. If the uptake of SHT is inhibited (¢.8. by
cocaine or tricyelic antidepressant drugs), its pulmonary
clearance is greatly reduced.”

Histamine, dopamine and adrenaline (epinephrine) are

e ciraloion’sHrnhed by the ek of a traneport mch:
anism across the blood-endothelium barrier.

Acetylcholine is rapily hydrolysed in blood, where i has
a halflife of less tends to over-
shadow any changes attributable <o the lung, whid
nevertheless docs contain acetylcholinesterases and
pseudochalinesterases.

Peptides.
Anglotein, It et g ben knor thac g |
' the action of renin on a plasma

v e el membran, which slctiely takes upanly
S gty

aline
i e ke e
Grulation (uptske 1) ifers rom exrancuronal uptake

Trgotensnogin
(psma agiobuln)

eniyme

Relewe of
fom acken
conax

mgwemsm (angiotensinagen), was converted into the
active octapeptide angiotensin I by incubation with
o gt 121 Aslomensievertng| et

Figure 12: Renin-angiotensin-aldosterone axis.
Angotensin converting enzyme i found i
plasme and on systemic vascular endothelium,
but s present in much larger quanties on the
endothelium of pulmonary vesses.




{4CE) s fovnd e n e gl bt b
i el T a6 e a el

s o oo AR e S
dance on the vascular surface of pulmonary endothelial
calls, also linin the inside of the caveolac and extend-
Some 8016 of

to the protein, and the zinc
chen cleaves cither a phenyllmine-histidine
bond (angiotensin 1) or 3 phenylalanine-arginine hond
(brakinin). Drugs that inbibit ACE (see below) do so
by becoming buried deep within the protein sroove,
simply covering the active site.”

Bradykinin, a vascactive nonapeptide, is also very effec-
tively removed during passoge through the lung and.
other vascular beds. The halflife in blood is about 17

Arachidonic acid derivatives

The lun s mao st of synthesis, cisbolam, uptake
and release of arachidonic abolites, T

a5 3 whole are 21 mrbmy\u ac
Known s eicosanoids. The inital stages of cicosanoid
synthesis involve the conversion, by phospholipase Ay, of
membrane phospholipids into arachidonic acid. Metab-
olism of arachidonic acid involves its axygenation by two
main pathuays, for which the enzymes sre cyclooxyge-
nase (COX) and iposygenase (Fgures 122 and 49
repecily). Ooypnaion s cyclnton of

o s by COX.produces the prosagendin PGGs
he st 7 i np. deable Somds T the
). A non-specific peroxidase then converts

i

carbon chain]
PGG to PGH,, which is the parent compound for
thesis of the many impartant derivatives shown in Figure
1

Eicosanoids are not stored preformed, but are synthe-
sl 5 e by many ol ypes nthe g, incld-
o e e masecells,
A spe s e kv e

seconds but less than 4

Like angiotensin 1, ACE is the enzyme responsble for
metabolism of bradykinin.

By its effects on bradykinin and angiotensin, ACE plays

I role in controlling arterial blood pressure.

Bradykinin, which promotes blood vessel distion and »

od pressure, i inactivated. Conversely;

angiotensin 1 production results in a host of events that

although other enzymes are capable of g
bradykinin, so allowing ACE ihibitors to exert their

asses through the lung un-
and oxytocin,

right atra in humans led to uncertainty about the ability

of human lungs to metabolise ANP. Seucies using radio-
labelled ANP have novw shown that in humans, ANP is

not metaholised by the lung to any significant extent.

Endothelins, a group of 21 amino acid peptides with

“The pulmonary enzymes responsible are
ot clearly defined, but there are believed to be several
different types in humans

of stimulisuch a inflammatory cytokines, complemer
e e s,
OX,

e enzyme present 1t low concentrations, nd
duced by infla
the norma lun, the physiological role of these COX iso-
forms is uncertsin bus in some patients with asthma,
inbibition of COX-1 by aspirin induces bronchospasm,
hessa o of COX2 does i (g 8)

IGF, 1 and thrombos
Vo sl kil ot PGE,. ad PCIDS
being much more potent in asthmatic patients than in
normal subjects. PGE, and PGE; are bronchadilators,
particularly when administered by serosol. Prostacyclin
FGL) s iferms s in difeent speces. o
usmans, it has no effect on airway calbre in doses that
e prefound eaniovasulr ffocs™ PGl and PG,
are pulmonary vasodilators. PGH; and PGFs, are pul-

Narious specific enzymes in the. lungore responible for.
extensive metabolism of PGE;, PGE,
Gl

catecholamine metabolism, specificity for pulmonary
prostaglandin metabolism is in the upuk( pathways.
fother than with the intracellulse enzymes.

Leukotrienes are also cicosanoids derived from arachi-
donic acid b by the
49).

cesponsible for the bronchoconstrictor cffects of what
was formerly known as slow-reacting substance A or




Prospholpases;

Geloongenae
(iibied by aspiin and
other non-stericl

rilammatory drugs

Itemesate
endoperondes

Figure 12:2 The cyclooxygenase pathway for
the praduction of arachidonic acid and ts
subseq

prostaglandins and tromboxanes. ee tes for
metsbolim taking piace n the lungs.

Nn Trombane
enzymic sihes e
26D, PGy

Prmary
prostagindins

PSP
o e

SRS-A- SRS-A also contains LTB., which i a less pow-
erful bronchoconstrictor but increases vascular perme-
abilit. These compounds, which are synthesised by the
mast call, have an important role in asthma and the
‘mechanism of their release is discussed in Chapter 28,
whilst drugs that inhibic leokotrienes are described o
page 49,

Purine derivatives
Specific ensymes exist on the surface of pulmonary
endothelial cels for the degradation of AME, ADP and
ATP to adenosine. Adenosine itself has patent effects on

rapid uptake
where it is cither phosphorylated into AMP
e e i e o e oA B

PHARMACOKINETICS AND THE LUNG
Drug delivery™*?*

Inhalation of drugs to treat lung disease may be consic:
ered as topical administeation of the drug to the respi
ratory tract, though systemic absarption s likely to be
greater than with other topical routes. Pulmonary
administration of a drug chat is intended to work sys-

e
(hrombaane

as very rapid delivers into the
of first-pass metabolism in the liver. Fo
poses, it is crucial to undcrsund the behaviour of
acrosols inhaled ino the lun;

Wi the e e bl el e
deposiced depends o eir size and the beeathing
pattern during inhalation. Three mechanisms cause
Hepaston

impacion_occur particles

1 Inestial with
Large particles (>8 ) rarely reach further

by the patient will increase the penetra-
tion o she ngeof the e particle i ol
Sedimentation with particles of 13 um oceurs in the
smaller airways or alseoli where slow gas velocity
Slte B s Ve of suspension and be
onlung tsu, Breth holdin e inbol
tion of an serosol encourages sedimer

D, tatoad Uy o oy oF paric
accurs with particles below 0.5-1 jm in size.

For delivers to the alveali, particles around 3 pm are the.
optimal size, ss larger particles tend <o deposit in the




airways and smaller particles tend <o be’inhaled and
extaled without being deposited in lung tisue. Targeted
delivery of drags to specific regions of the respiratory
trsct should be possible by, for example, modifying the
particle size, the timing of its addition to the breach or
the breathing pattern during inhalation* In practice,
most delivery devices in clinical use produce aerosols
containing a wide range of particle sies, the most com-

metered-dose inhaler used to treat asthima
senerating particles between 1 and 35um. Use of a
spacer device before inhalation allows the largest parti-
cles to fall out of the acrosol before inhalation and so
reduces their impaction in the pharynx, where they are
Tesponsible for many of the sde effects of inhaled drus.

Drug elimination

The wide range of mechanisms present in the lun for
the processing of endogenous and. inhaled substances
makes an cffect on drug disposition aliost inevitable.

Inhaled drugs will be subjected to the same metabolic
alveolr cells 35 other toxic
e. Mixed function osidase and

lng airway tisue, s is isoprenaline. Inhalational anaes-
thetics,in particular older agents that undergo significant
metabolism clsewhere in the body, such as methoxyflu-
e and haloshane, underso st in the
siways by similar pathuays, producing fuoride fons. >

Pulmonary circulation. ™" Many drugs are removed
from the cicculstion on passing through the lungs.
However, in the majority of cases this occurs by reten-
e e
ol Th lawactiity ofmesbolicenmymesfound n the
lang occurs for two ressons. First, access o the metabolic

and ather tosic substances in the lung may caus

cells, where it_promotes
oo pecie (1o 351), it scslin lung g,

‘Some drugs cause pulmonary toxicity by a similar mech-
anism, including nitrofurantoin and bleomycin, toxicity
from the latter being strongly associated with exposure
to high ovygen concentrations. Amiodsrone, a highly
effective and. commonly

¢ used antiarrhythmic agent, is
also associated with Nl]m()mry toxicity, which occurs in
6% of patients given the drug." When tosicity occurs it
i be soree s 14 faal I wp 40 0%

cause is unknown b of reactive oxygen
speces, immunologicl ctvation and dirct cllla tox-
feity are all believed to contribute.”

cases. The

formation

THE ENDOCRINE LUNG

To qualfy as a true endocrine organ, the lung must
Secrete 2 substance into the blood which brings about
3 useful physiological respon:
ol GF e kit gy stk el already
described, the endocrine functions of the fung remain il
defined, Gomenders inclode the Flloio

inflammatory mediators. Hisumine, endothelin_and
cicosanoids are released from the fung following
mmancogial acivaion by ined s ooe
Chaper 25). These mediators are us y respon-
sible for cardiovasculr and other ph)uulubnml chnses
i the ret ofthe body, such s a rash, peripheral vasodi-
e e e i

ol iscn ey be s s desble phys-
iological effec

Hypexic endoctine rsponees® i sty heve
demonstrated the presence of clusters of peptide- an
i i i Theon e g

specific uptake mechanisms that are vital to allow the
highly selective metabalism of endogenous compounds.
Second, it is possible that the oxidative systems responsi-
blefor drug metabalism clsewhere n the body are located
mosly i he sy ths preventingHodharn drigs
rugs m; are basic (pKa >8) and.
et
e o gt fsinily i e
pmmmi 2 Drug binding in the pulmmﬂr\‘ circulation
ninistered

then be released slowls o even give rise to rapid changes
in plasma drug levels when che binding sies become sat-

d or when one dru s displaced by a different drug
with greaer affnicy for the bindin sitc.

ulste in the presence of acute o, b -

secreted and their effect known. The
1 g e s i g e
present in humans, but their role i extremely unclear.

Nitrc oxide (NO) plass an importas roe in the regul-
tion of acway smoath muscle (page 46) and pulmonary
vascular resisance (page 99) and is well known o its
efects on pltele fanction and thesystemic vasculture

elsewcheze in the bods: There is no evidence that pul-
monary endothelinm secretes NO into the blood i
order to exert an cffect elsewhere, manly because of
the rapid uptake of NO by heemoglobin (page 180).
Howeres, this does not ol out an indirec effec of pul-
monary NO production in influencing peripheral blood



flow, which may be controlled by the balance between
differentforms NO-hacmoglobin ~ complexes

(page 180).
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KEY POINTS.
® That breathing was essential for lfe was clear to
the anclent Egyptian civilsations 5000 years ago,

such a short sccount, Significant adsances in respiratory

bisory of this period s referrd to more uthoratve
he history

' Early explanations for the function of breathing
Crlan dravin nto the ungs fuelling
in the heart ing ‘sooty
and ﬁlﬁglm’us spirts’ from the body.
® In the Renaissance, advances in knowledge of

scounts
atory. physilom, numerous recent. sources
[m historical standards) are available.

ANCIENT CIVILISATIONS

irculation and the observation that blood
changed colour on passing through the lungs.
= Physiology in the 17th century involved more:
figorous scientific experimentation and led to

Ancient Egyptisn civlisations existed from around
3100sC to 3325C when the Graeco-Roman peri

Heg, The most. remarablor Comtabution e 1o
history by the ancient Emmm Isshieuritings, g

il G
in fundaments
palllcularly e physn(s.ﬁulnam the

Knowledge

Approximately 1300 ,cm later, 19th-century s
were able to use the Coptic language 1o assist in trans-
o s Efy s AL TS s sl

and respiration.

The historical path slong which we have gained our
ledge of respiratory physiology i fong and

vasied. There are periods when our understanding leapt
forward in just a fev years, interspersed by prolonged
perods when proges was selshle and even some
periods whe it was rever at breathing s essencial
frife was s rom the o Al ke
reathing and the reasons for it remained

St for mamy cemutis: Progress susly occureed n

puralle ith understanding n other scientifc discplines,
partiulirly chermistey, physics and anatomy. Innoative
ides on the physolees of bresthing e, i

y phy
s controversies seen in medical

as early as 18208C,
dhe ot o the ot Lann medial wrtigs i he
Kahun papyres

Medical papyri. Many Egyptian papyri are concerned
with medical topics, mostly descriptions of pragmatic
for the srextment of & mulitade of specific

e longest and best known of the medical papyri s
the Ebers papyrus, " which dates from about 1534k
and is accepted as being 2 compilation of various earlier

. The Ebers papyrus is unique in containing a
section on physiology, including comments on respira-
tion. The overall purpose of respieation is described thus:

the i that penetrates into the nose. [L enters inso
Che heart snd the Jung, They are those which give air o the
enire bady""

Further sections include detailed descriptions of specific
‘numbers of mett conducting ‘molsture and air’ to many
pares of the body. These metu seem to mostly relate to

precis o
subject and ends around 100 years ago, when the explo-
siom of scentifc progress makes the subject 0o large for

blod sl bt bl b struce
endons, muscles snd the ureters. Ac first, this
rmiee iew of stomy i surprising onsiering the




embalming abilties of ancient Egyptians, though in prac-
ming was carried out using very small incon-
spicuous ncisions that would have revealed ery little
internal amatomy. Tuwo metu are ascribed to each ear,
through which ‘the breath of fe enters ito the righ ar
and the breath of death enters into the lef’” illstrating
the ‘magical’ sspect of medicine at the time.

tice, embal

Ancient Greece

Greek writers were primarily philosophers, but they

were also outstanding physicians, with one of their
oumber, Hipocrtes, forming  school ha Is now
widely credited with the foundation of modern medical

s el phﬂnwphcv& uch as Anaximenes
(5708C-2) clearly stated that ‘pretana’ orair was esse

but in contrast to this correct observation,
portedly claimed that goats breathed

Bonink o 58 From thehart Empedscies saccesflly
combined physilgy and phioay i i dcstnmmn
of the ‘innate hest” in the heart, which was close
et o the soul and which wa disributed through
out the by by the heart. This concept of heat

ancient Greek period snd was o remain a the centee of
respiratory phsilogical ideas for abon
e wrdogs of Pte, Arsotle ad the Hipposeati
cholonly arely direced thel atenton o rsgiaion,
at their conuribution to scientific mevhod and think.
g was cnormous. Subsequent philosopher-physicians
adopted a more scientifc appraach to investigating phys-
fologs. At this cime, dissection became widely practised,
sometimes in public and. on both animals a
“This swork was carred out in Alexandri under Prolemy
Win a toully
Eayprian embarg
wundoubedly took place and there are even disputed
reports of human vivisection of criminols* Herophilus
) distinguished betseen arteries and veins
and, along with Aristotle, asserted that they contsined

Erasistratus (304-2505C), more widely renowned as
the father of philosophy, was the frst to apply scientific
schlic to Gl i e il o
taken into the lungs and passed to the heart along the
Filrach e she o e
vital spirit that was distributed t0 all parts of the body
by the arteries, wlule che brain further converted the
spirit’ which travelled down the
s to activate muscles. Erasistratus seemed

was converted into

0 undessand tht bt wlves ol llowed flow 10

in one dircction, but failed 1o apply this knowl-
Gl 1o chiidas ht tanapors s Sl i bl
around the body. After Erasistratus, Greek interest
moved away from medicine to philosophy
il sincesand te prgresion of pyoog e
edge halted for about 400 ye

Roman medicine and Galen (129-19940)
By the age of 28 years Claudius Galen was physician to
the gladiators of Pergamun and 12 years later became
physician to the Roman emperor Marcus Aurclius. He
serote many works on anatomy and physiology, many of
which sl exis in mdern form, inluding, o with
much material on respiration: ‘On the usefulness of
pans of the body' and ‘On the use of breathing’
Galen's work provides the frst direct evidence of expe
mentation and the application of clinical bsersations to
explain physiology:

Galen's system of physiology and anatomy. In Galen's
descriptions, foad was processed in the gut before being
used by the lver 10 produce blood, which passed to the
tight heare. Much of this blood flowed into the pul-
monary artery to nourish the lung, while the remainder
passed across invisible pores in the nterventricular
Septum, to be combined with prewma’ brought from the
hung via the pulmenary vein (Figure 13.1). In the lef
heart, the pneuma instlled the blood with vital spirit
it vas it o the by and rin, 2 dsesed

Ammnmu”) Galen regarded the lungs as having three
types of intertwining vesscl thepulmonary artery,
cough srtery’

(rachea) made of

splinting, describing respi
conditions as pregnancy and ‘water or phlegm in the
liver'

Experiments on respiration. Galen's experiments pro-
vided mixed resuls

VA e v el Bt it
0o air, but only s

lood flow, realising that
tidal blood flow to and from the lungs with each



Figure 13.1 lustraton reconstructing Galen' scheme of
crdovascular and respitsory physilogy as descibed inthe.
text (Galen did ot use lustrations in is writings; his dagram

4. On the necessiy for breaching via the mauth and nose
Galen was unclear, writng i carler works that
pneuma could enter arecrics viathe pharynx, heast or
skin as vell as the hungs. An experiment 1o attempt
<o demonstrate this was carried out: ‘Covering the
mouth and nostrils of a boy with a large ox-bladder
or any such vessel, so that he was wnable to draw
breah at al uiside i, we saw him reathing i
dered through a wh
{815 sey & coteadicany Hanced
arteries all through the animal draw in the outer air
wery littl ar not at all". Moder views of this exper-
iment arc that the ov-bladder was unlikely to be air-
tight or that Galen's assstants must hae removed
the bladder t0 allow the boy to breathe casly when
their_master was ot supenising. the
experiment

The functions of breathing. Apart from providing

preuma to the heast, Galen described other functions

for breathing

1. Regulation of heat. Galen's writings strengthened the
analogy between the heart and a flame and several
pases of On the use of breathing are concerned with

Pl
s sustenance, mq ol is used up, were seen as anal-
h

ysiologyfrom the Grecks o Harvey. New Yori Dover
Dot 16573

breath was i no way suitable for the blood")! He sug-

gested the existence of capillaries 1500 years before

they were discovered by statiog ‘All over the body the
arteries and veins communicate with ane anorker by
common openings and exchange blood and. prcuna

.r.,., et b e o R emit v

2 cm Ivumd both rocid s of a dog, n -
vention that rved caused the animal no
et o s by
therefore derive pneums dircctly from the nose, to
make the animal spirt earlier described by the
Greeks (termed ‘psyehic preums’ by Galen).

3. During his time in the gladiator arena he observed
that the level of neck injury sustained by gladiators
ABcaed el beclng et et sl
originated in the brain. He did many animal ex
e b S iy the i eal ol

wwhich the nerves responsible for respiration o
d and went on to describe the nerve roots an
destination of the phrenic nerves."?

i o e Gl

oncerned about the contradictory requirements for
The ia of the heart and ans generatng e het
realsing that 3 fine balance must be
faning the source of the innate heat and from coaling
in due proportion, citing. examples such as fever,
with. increased breathing, when the balance was
disturbed.

drawn betsveen

istust
Voice. Galen described in detail the anatomy of the
swhole

. The rough artery (traches) pro-
vided preliminary regulation of the voice, which was
produced in the laryms and amplified off the roof of
the mouth with the uvula acting as a plectrum. The

oo by
ke 2 burning flame.
dy separated
pirics from the preuma have become

uncertain with the passage of time, one explanation
being that the fuliginous spiits were reurgitated




through the incompetent il vabe and psscd

back along the pulmanary vein to the.
it o of g Vs T oy it
of lung tissue and the position of the heart in the
centre of the chest led Galen to suggest that the ung.
Served to cushion the heart from the effects of body
movements.

Galen's legacy. Galen was undoubtedly a genivs. Fe was
the first physician to apply the Hippocratic methods of
scientific d physiology and he ingeniorsly com-
il th I ot o i pradlcessos it s o
hinking to produce an impressive trestse on the work-

s of the human body. Also, it i from the wriings of
Galln tht we have obiained our knowledge of many of
his precdecessors: most of what is known of Erasistratus’s
views on physiology is derived from Galen's comments
on them. Galen's work also deserves a place i history
a5 the longest unchallenged scientific work. The physi-
ology this secton was <aught in medical
“chools throughaut the world, and scientifcally mostly
unchallenged, for around 1400 years.

There was also a darker and more controversial s (0
Galen. He is widely beliesed 10 have been conceited,
dogmatic and abusive of those critcsiog him.* On the
wsefuness of the parts of ih s several
proloned and peronal efstions of the idess of i

redecessors, for example accusing “Ascepiades, wise
S Mg il oo,
ot to mention a man so fullof s awn imporiance’

described i

After Galen
When Galen died, the scudy of physiology and anatomy
effectively ceased. The Roman empire was in decline and
in 389AD Christian fanatics burned down the library
in Alexandsia, which contained many writings by the
Greek philosapher-physicians.

Freseationof keowiedge now el o schoarsof he
Byzantine ond Arbic empires. The lat ced
Galen's idess with enthusiasm and 1 ot many
Greek wocks ko Arble, st certaily adding theie
own refinements as they did so. The greatest of these

Ao sl was: v (chrea 8801037);whove
canon was an impressive document puling together and
classifying all the available medical knowledse of the

been described 25 3 popular
of the medieval period. Some
vears later, Ibn Al \m,ﬂ (1210-1289), 3 proifc Arbic
writer on many wwritings and

ime, cresting what b

substance, where it permeated with the air"* This was
an esrly breakthrorsgh in explaining the true nature of
the pulmonary circulation, but Thn Al Nafis' work did
a0t become well known for many more centuries.

‘THE RENAISSANCE

In the 12th and 13th centuries, scholastic pursuits began
again with the foundation of many European universi

s, first Oxford, Cambridze and Bologna, closely fol-
lowed by Paris, Naples and Padus. Soon, many of the

e e v
wia by Mondina, 2 pro-
fessor of anatomy, at Bologaz in 1316. Interest in the
function of the body only began again with Leonardo da
Vinci in the 15th century

(14521519

do exemplified the Rensissance trend for com-

Leonardo da Vi

exesive explanry s
Latin snd in mirror writng, possbly simply because
Leonardo. was lefchanded and. receved no forms
schooling to corrcet this, or possibly to make his no
Barder to read by uneducated persons described by im
as "bad company”.
Aldongh Leardo's lnown s e disected v 0

enteing the chest cavity are Iabelled a-¢ and their func-

tions described:

a trachea, whence the voice passes

b, oesophagus, whence the food passes

<. apoplectic carotid] arteries, whence the vtal spirit
passes

d. dorsal spine, whence the ribs arise

- spodls s process of e s, hece

e S Qunan (Com-
nentary on the Anatomy of the Caron of Avicenna). In
s he challence he Gleic viwf porsinthe ot
ventricalar septum chrough which blood passed and
oetead sugeted tht blood. passed through the lung

vape of the neck and
e Sln

Leonardo adhered to other Galenic ideas such as the

ace, but was unsure how.

e, and in his later dra

ence of ait in the pleural sp
the air entered o left this spacs
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Figure 132
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text foran

ings he as clearly beginning to doubt that air was ahways

present. Leonardo’s adherence to Galen's id
some areas unshakable, in particular his depiction of the
interventriculr porcs i severl drawings of the cardio-
sascula system.

He did, however, challerge some Galenic ideas by the
application of his engineering expertise. For example, he
id nov accept that the heare generated innate heat
instead writing that heat generation in the heart resulted
from mechanical friction between the blood and the
walls of the heart* Similarl, his engineering knowledge
uade him intrigued by the actions of the chest wall and
respiratory muscles, including the complexities of defin-
ing the different function of internal and external iner-
costal muscles. For the diaphragm, Leonardo described
o functions: dilating the lung for inspiration; pressing
the stomach to drive foo into the intestine; contracting

fominal muscles to drive out sbdominal
ties; and 1o separate the spiritual (thoracic)
from the natural (sbcdominal) ones, Finall, he

he
e descibe the stucture as having ‘@ cus, ke a nushell
containing a dust and wateryhumour passibly representing his
discovery of 2 lung cyst” o a tuberculous cavty.* (The Foyel
Collecion, © 2005, er Majesty Queen lizabeth )

considered in detal the movements of the achen and
bronchi on breathing, showing ther to diate and open
wider at branches on nspiracion, as shown to the right
of Figure

Leonardo and the bronchial circulation. Tn Figure 133,
Leorardo depicts in detail the relationship of the pul-
monary circulation to 2 bronchus. Much of the com-
mentary in the drawing is concerned with the superiority
of drawings rather than words to describe such anatom-
ical configurations. The figure clearly shows a dual blood
supply to the lung and susgests that the smallerof these
w0 suppliesis to ‘nourish and vivify the trachea’. From
this drawing, many writers have credited Leonardo with
discovering the br ulation, though

s recently been disputed. " Th
10 be based on an ox, 2 species recently shawn to have
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disinct sl pulmonary veins draining diretly nto the
left ateium, which may he those found by

The possbilty of artistc licence in his drawings has
caused disputes that will never be resolved, such as that
of the bronchial circultion. For example, in Figure 13.2
c pefly bancing e of the
Tung surfac & ot based on true observation of
i ongs. I Figure 133 of o langs, o right upper lobe
fronchus that arises direcely from the trachea in this
species is sbscnt. Howeer, in spte of these misgivings
regarding his deavings, Leonardo’s genius in combining
t,scence and engineering in the scudy of physiology is
undisputed.

Leonardo

bronchi on the

Anatomy in the Renaissance
After Leonarda, the pursuit of medical knowledge i the
i continsd, withanstomy n particular aided
by the continging resurgence of dissection and viviscc-
tion. Andreas Ve .‘.l.\..u 14-1564) is primarily ceme-
bered as the founder of modern anatomy, his dissections
culminating in the publication in 1543 of De Humanis
Corporis Fabrica, a book of seven volumes including over
250 anatomical llustrations (Figure 13.4) His ideas

Figure 13.4 Figurefrom Book v o Vesalus's Fabrico”shoving
an anteriorviews ofthe lungs aftr removal of the heat A
. pulmonaryartery; D, plmanary vein:
Vesaius's

met with resiscance from his contemporaries whenever
his views were at odds with those of Galen and this
eventually forced Vesalius to cease his study of anatomy
and to retuen to work as a physician. Nevertheles, the
Fabrica continued to gain acceptance and became the
foundation for future anatoms texts. Vesalius was also a
skilld physiologiss. He was the st 10 describe an
e S gk e which 2
chest wall of an a

e e e
S SFling asreinens tovich e e et

pleurs

The pulmonary crculation Unaware of the earlier wit-
ings of Ibn Al Nafs, Servetus (1509-155
sious treatise Chrisianismi restitutio,”

Galen's in
er than passing throuigh the middle wall
Sear, “Hood i arged forward by a long course
through the lung .. and is poured from the pulmonary
artery to the pubmorary veir ' He also commented that
on passing through the lung the blood changed colour,
becoming ‘reddish-yellow’, thoush an explanation for

the existence o interventricular pores.
wrote that rath

of the

this observation was stll two centuries away. Tragically,

Christianismi. restiuto are believed 10 exist today"
h more recent reprints are available.”

Tisca fow years aer, Raskls Colombo (1516-1553)

became the third hyolgt o spparently indspend-

na
describes blood flowing o e Iung e kg
There is a suspicion that Colombo had previ-
s it it

m 300
arler, causing confusion s o o s

eminent physiologists should be credited with the dis-
covery of pulmanary blood flow™

EXPERIMENTAL PHYSIOLOGY IN THE

17TH CENTURY

At the start of the 17¢h century the dominance of Italian
aniversities with respect to medicine and anatomy sub-

where o new approach of ¢
mental philosophy was developing.'

lusteations always showed the Lings as having four lobes.
(Reproduced wih permisson from the Specia Colections.
Leeds Universty Library)
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Circulation. Willism Harvey (1578-1657) studied at
Cambridge and Padua universities, so was well placed to




combine the ltalian mechods and knowledge of anatormy
with the English approach of physiological experimenta-
tion engendered by Francis Bacon. The most notable of

including the simple demonstration in arm veins that
valves prevent blood from flowine distalls. In 1616
Harvey fist presented his ideas of the blood circulating
continuosly in a lectare t the College of Physicians in
London. After a furcher 12 years

Harvey published De Moru Cordis, in
the circular motion of the blood in both the leser (pul-
moary) and rster (o Sea) e

comments on respiration in De Moru Cordis arc sparse,
and although he refers in several places to o future sep-
arate treatise on respiration, it scems i

Atmospheric pressure:* The ltalian physicists Berti and

Torrcell, both of whem were acquainted with Galileo,

acdenally dicorred i presre in thei search to
baron

wred the height of the water column at 27 feet. Torri-
celli and 4 mathematician colleague Visianni then made
the first mercury barometer using mercury in 2 glass tube
imverted over o bowl of mercury, and so allowed the
height of the column to be visualised. The full implica-
ton ofthee lsoneryonly occurnedaferBert B

D Lulmonipasies 5 -
Figure 13.5 Drawing of Malpigh’s preparation of frog lungs ™
1, Seen from the surface of the ungs: I, showing the cut surface

il did, 25 2 vacuum
LR e e mw
b

of s
vesicos T I, a schematic representation o the

o their
scientific community.

The microscope. Harvey and his numerous predecessors
who described blood flowing through the lung tssue
were not able to determine by what route this occurred
or bow the blood and air were mixed. Harvey thought it
most likely that the blood and air came into contact
through pores in the Tung structures. Marcelus Malpighi
(1628-1694) used 2 primitive microscape to observe.
i piingi e L it

onsisted. of two letters to his friead
el o et 2 profesarcFsicnce o P Vs
sed frogs for his studies and describes in detail the Tuny

He described ung tissue o be “an aggregate of very light
an very ihin membrares, which, ense and sinuous.form:
an alpost ifinite munber of orbicular vesicles and ca
tis,such as wo see in the honeycom o bes'. This first
description of the alveol was by a drawing
of his preparaton (Figure 133) and. he went on 0
describe howe the vesicles were all terminations of
branches of the branchi and that under normal circurs-

s
permission from the Special Collectons, Leeds University
brary)

stncethe bl s i were sparsed by thern, I i
sccond letter, Malpighi went on to describe the necwork
GEEN.E the srfce of the el

ibserved the movement of the blood through them.

T sty Gt e s W phore
solved. Blood flowed from the right heart to the lung,
through Malpighi’s ‘smallest of vessels', past the air-con-
taining vesicles and retsrned to the left heart. However,
scientists were still no closer to discavering the purpose
of this elaborate arrangement.

The Oxford physiologists and the
‘use of breathing'

Inthe century a remarkable group of scientists
it e a ae e sroup
held mectings to exchange ideas and discuss scientific
topic, often holding the meetings in ther lodsings. The
sroup was initially refersed to by its members in London




e Tt Gl b b O e
B ental Philesophy Cluby. After around 15

s i cxencs,the chub was ganied  soval harier
by the king and formed the Royal Socity of Londan. OF
the numcrous notsble chub members, four re worthy of
particuler note here in view of their contribution to
knowledge of respication

RobertBope(1627-1691, Asisted by ke, Boylecon.
structed 3 ‘new pneumatical engine’ that swas capable of

guished and animals died in the vacuum and so began o
believe there was some vital component pre
chat was necessary for both combustion and animal ife.
Other experiments led Boyle away from the truth about
the purpose of espiration, Enclosing 2 candle and a chick
sogether he oksersed the he chick survived much
fonger than the flame, indicating that combustion

interpreting their results, often leaving this important
task to his close friend Robert Hooke.

Robert Hooke (1635-1702). A crucial ~partnership
betuween Hooke and Boyle brought about the studies
described in the previous paragrap!
T v a0 a o e R e
demnstration to the Royal Society in 1667." Keeping
animals alive by artifical ventlation with bellows had
been demonstrated many times before by both Leonardo
da Vinci and Vesalius. However, in Hooke's demonstra-
tion, he used two pairs of bellows to provide a constant
stream of ar and ventilated a dog with part of the chest
seall removed and with ‘mumerous small holes pricked in

jowever, H

an hour and so conclusively demonstrated that b
motion of the lungs withou fresh air contributes nathing
1o the life of the animal

Richard Lower (1631-1691). Lower performed many

b bl R Y A

to show th

observing that blood in the pulmonary vein quickly
tarned blue.

John Mayow (1641-1679). Mayows was the youngest of
the Oxford physiologists, hasing studied with Lower and

on, Tractatus Quinge Medico-Physici,
published in 1674, a few years after Bogle, Lower and
Hooke had maved on from their studies of repiration.
Tractatus Quingue was an impressive tresise, bringing
e ' e book the s of Mo
colleagues, supplemented with
‘workand ke on ehemisty and the py
piration. His many experiments were illustrated with 2
single-page drawing containing sx figures (Figore 13.6)
Mayony again shorwed that animal resiracion and com-
bustion had similar effects on the volurse of air within
the enclosed elases. By good forcune, Mayow found s
much greater change in vokime than Bogle's presure
onger time period,
absorbed inco the ke and the temperaeure wihin the
This led him to extend

mentation’, which ultimately gave rise to muscular
contraction. This last_observation from
Mayow's appreciaton of incressed. breating during

ractatus Quingue also contains excellent sections on
respiratory mechanics. Mayow clearly understood that
it e s el e
and contraction of the chest wall, with a recog
expiration was normally o passive process. He demon-
Strated this by placing 2 bladder within a pair of bellows
fited with o glass window 10 allow observation of the
bladder inflaing and deflsing s he bellows were
worked (see Figure 13.6). Mayow then applied his
knowledze of physiology to p.mm b explanig ht
e sl

occurred

ition that

« a
T atposc el
even in the ‘hysteric passion’. He ful rstood the
P e S
cal ngm

e, by the way, surgeons should be warned not to close
e el s
thoras s contacted 0 the vemor o, rber, i e

wwhen

el s
example, ceasing artificial respiration of an animal and

et avity
b e
on acount of theresstance ofth i nide or for thelungs



Figure 136 llustrarion

Chemistry and respiration

the work with absurd additions of his oun’. The work vwas

car e
avera century In particular, i s likely that o
T i o e

fessor of chemistry, published a vehement attack on
Mayow’s work, including the comment that ‘such views
s wes sound e ot ey, whit those which were
Mayou's were not sownd.”™ cal by Partington in
1956 redressed the baance and, ccacien Bt hagrs
views were ‘a great advance on others of their time’ and
0 s ot e e et

i hakarsof W v

Physiology hibernates.

After the death of Mayow, the study of respiratory phys-

okt manls of iy s The s of
this stagnancy is uncertain: * this was another politically
urblent pernd SfHiory i Eurone snd o wsraeg

een condicive to academic study: There may
even have been a sense that respiration was now effec-
tively exphined, considering that knowledge of other
closely related scientific disciplines, particularly chem-
stry, was sall at a very primitive stage.

CHEMISTRY AND RESPIRATION

respiration* (a) Combustible materials, gnited by 3 magniying
animal espiation (. 6)
Caus the wate t fise within the enclosed glass, ora

to pitofnive g diectyor leaving
globules of ron n the base of a glss in contactwith dluted
Spitc of ire 7, 3).Fg, 5 shows Mayow’s sytem for
transfering ai rom one glass t anather. (6), dawing of the
blacder i the belows to demonstrate the passve expansion
and contraction of the lungs b the chest wall.

0 expand, except partially, and, in consequence, suffoca-
o will occur.

Trctatus Quinaue wss contowersial suon s it was
h

acknawledge e At tod Geprne

ifferent types of air
Piogstons George st Sshl(1600-1734) b begn

s he ey
fic com

with 4 completely erroneous exphluuen, e
sed that all

tion in an enclosed space was extinguished when the air
contained within became saturated with phiogiston. Cal-
cination of metals (intense heating in air until oxidation
occurs) was exphined as driving off the phiogiston

S
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contained in the metal, whereas conversion of the metal
oxide back to metal by heating with charcoal was
achicxed by the charcoal donating its phlogiston to recre-
ate the metal. A porwerl piece of evidence contradicted

Boyle,

a
Tave st phlogsumn: Sl ‘provded o very dubious
explanation of this by explaining that on calcination the
metal also lost some of its ‘megative weight

Although the phlogiston theary was a complete inver-

standing the chernistey of gases for many decades.

Fixed air and vitiated air. Joseph Black (1728-1799) was
2 Scottish cheist whose work focused on the chemistry

Figue 137 Fodspiec fom s Eperars o
inds of i shawing the variey of

minutes in <ommen i, while cthars are held inreceivers

ol lls 3 g of o a the time
or th ncsment of Wbty complits. He demon
arted thet heating chalk (CaCO) coused 3 535 to be
liberated and a reduction in weight to occur, T explain
the farge observed weight Joss, Black belcved the iber-
ated gas to be sir rather than phlogiston. After further
experiments Black found that the same gas

phlogiston theory continued unchallenged.
e el independently

hlogisticated air.
o tEomecs o iy ind el

T of e rert s wih e
oo piblbec in Expornens anl obrvaions
ovey s of i wbich ehuied a llueain of
the equipment used (Figure 13.7). Inicially described by
Priestley as ‘pure air’, the gas pr

s found to ca

uced by heating mer-
curic oxide wse 3 candle to burn with ‘a
remarkably vigorous flame’ and o allow a mouse to

nmon air'. Priestley tried

covery that vegetation, n paticular fstgrowing species
by

o ofthelustation.Plents can be seen

growingin the
o the fr rign. (Reproduced with permission fiom the Special
Collectians, Leeds Uriversty Library.)

closed vessels. He fully appreciated the import of this
discovery on a global scale by commenting that air in the
common atmosphere that has been reduced to a noxious
il o ol ‘has never failed 10 be

e
Fbte with hichthe sface o he
may be a cause of the purification of e amosphere’. An
advocate of phiogiscan, Priestley soon renamed bis ‘pure
air' “dephlogisticated o', He believed his experiments
confirmed the phlogiston theory, . the mercuric oxide
remored phlogiston from the air, so allowing candles to
buarn longer or animals to respire longer, before the air
became saturated with phlogiston.

et Cal Schele (1742:1766) sdicd ey
and pharmacy in Swede: of Priestley's work

S g e mﬂhods also produced
oxygen, which he named ‘fire air”. He too demenserated
its effect on burning candles and animal respiration, but
he also faled to use his results to challenge the phlogis-
ton theory

Oxygen

Antoine-Laurent Lavoisier” (1743-1794) was born in

Paris and graduated in sience before the age of 20, spe-

chalsing in chemistry soon after. Ina very productie fev
around 1772, La com-

such as spinach, reversed the
sespiration, burning candles or putrefaction within his
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hustion and respiration, during which time he was visted



by Priestley who discussed. his own expefiments with
‘pure air'. Lavoisier approached chemistry differently, in
effect introducing quantitative studies to the qualitative.
ones of his predecessors.” He showed that when metsls
were calcined in 3 closed jar the combined weight of
spparatus, air and jar remained unchanged, so proving
that it was air combining with the metal that increased
their weight. In experiments with animals breathing
nessly pure axygen, he observed that the animals dicd
before all the oxygen was used up and this led him o
investigate the harmful effects of carbon dioxide in the
dling in lecture theatres.' Respiratory

experiments over £ i tovel O pre
spiration ta_be absorbed and allowed the
i o i e o i g
subject was measured by Lavoisier 351200 cubic inches
per hour (= 330 mlmin”), a result very close 10 the
modern value (page 189). However, it is Lavoisicr's dis-
covery that “eminently respirable air’ vwas a chemical
clement and his narming of the clement as oxygen for
which he

later irritated at Lavoisier's use of the ideas they dis-
1l Mayow's work is never referred to
i Lavoisier's writings in spite of his being aware of it
st the time.* Lavoisier’s interests an s
study of science and he was closely involved in a French
financial institution responsible for generating tax res

enues, the Ferme Generale. Inc pis clear!
provided the resources for Lavoisier's extens

were wider o

guillotine in 1794 After Lavoisier’s death, his friend
Logrange commented that 1 tool bt a scorad 0 cut off
handred years will not suffce to produce one

EARLY DEVELOPMENT OF CURRENT IDEAS OF
RESPIRATORY PHYSIOLOGY

Tissue respiration

on in the heart

Ancient idess of some type of corl
which gencrated heat gave way in o
the sugestion tht hest s gencrd
the ever-moving blood. As chemiscry dmlop.d the
e e
progressively more compelling, but where this ovidation
reacion too plce chuded even Lovasi o believed
it oceurred in the

The et to ook beyond th lungs and beartofnd
the ste of combustion n the body came from the dis-
covery of calorimetry by Adair Crawford (17481795}
Messurements made by Crawiord and Lavoisier of the

heat generated by the bady made it clear to Lavoisier's
muthematician Tiend Lagrange and his colleague
Hassenfratz. that if all the heat were produced in the
lungs, their temperature would necessardly be vaised 5o
much that one would have reason to fear they would be
desiroyed’ ™ In Ttaly, further experiments into where in
the body combustion taok place were performed by
Lazzaro Spallanzani (1729-1799), though bis work vias
only published posthumously in 1803, He studied res-
piraton i  buge vty ofcesures, cding et
repiles, amphibizns and mammals, and described how

carbon dioxide cegument
stll occurred in the absence of lungs led Spallanzani
%o his most important respiratory discovery when he
showed that a variety of tissues from recently deceased
creatures (including humans) continued to respire for
some time, so showing that the tissues were the site of
oxygen consumption.

In the 1%h century, advances in science led o

improved technigues for gas and temperature measure-

ewsuns Bpsdiis sl ey
e rstory quotient was measured st

betseeen

Finall, with the birth of organic chemisry and the foun-

dation of the laws of conservation of energy, the modern

account of energy metsbolism was elucidated.

Blood gases

Once it was clear that oxygen metabolism occurred in
w35 on to find how the blood

F
5
g
7
£

tissues in sufficient quantities. However, other funds
mental discoreries were needed before this question
could be addressed in detail

parta presure. Jon Daion (1766 1844), whose o
on paril pressures (page 457) i widely used tod
e

together irres
S Bt o e particls of
mponent gas had no interaction with those of the
othe gases and 5o ‘aranged thenieles fust he same as
in a void space’ while paradoxically occupying the whole
spacellotted o the mixtore of guses. He ilustaced this
as shown in Figure 138.9
Pasl Bert (1833-1856), most famous for is studies of
altitude physiology and medicine, also made s significant
contribution to fundamental zespisatory physiology by
discovering that i was the partial pressure, rather than
the concentration, of respiratory gases that affected bio-
Iogical systems. In an clegant serics of experiments,




Figure 138 Dalton's drawing o llustrte a compound
atmosshere, made up of a miture of simpl atmospheres
Two centuries ater it was draw, thisdiagram viould be helplul

Figure 139

water vapous;

i the Wellcome

the spar

carbon diowc:
Ubrary of the History of Medicine)

pressure reaches 450 mrmbig but Bt prsists with the
periment dawn o 410 mmHg, mainaining consciousness by
intermittently breathing oxygen. (Reproduced by permission of

pheric p
while maintaining the partal pressure of oxygen con-

stant, with no il effect on the animals. Whenever

inspired PO, was reduced below that of air at atmos-

low ambient pressure could be entirely alleviated.
Bers applied his knowledge to the recently discovered
pastime of ballooning and assisted his friend Gaston Tis-

with the specifc sim of reaching 8000 m (26 200 feet)
aliude, bt ntheir nchusismthey dd nt v sime
to consult Bert on the likely oxygen requirement

it A 151 e e
sion in all three balloonists, who were unsble to breathe

escent, during which the full tasedy of the fight
unfoded and he discovered that his two frends had died
some time carlir in the flght.

Haemoglobin and its dissociation curve. Boyle and
Mayosy had both used 2 vacuum to extract gases from

Figure 1310 Disgram of the hgh-alttuce ascent o the
balloon Zenith o 15 Aprl 1875, The dashed line ndicates
estimated alitude s the ony surivorof the flght, Gaston
Tisandier, was o hyporic to make recordings of the altitude.
(Reproduced by permission of the Welkome Library o th
Hisory of Medicine)



POy was found to be slightly bigher than the alveolar
PO. At around this tine, physiologists studying other
body systems were discoering numerous active mern-

s the kidoey and
port of
 occur in the lung, and he soon had the
suppocfor s ot from i cioens i
Scont Haldan

Figure 13,11 The fst pulicaton fom 1904) showing the
Shape of the xyhaemoolobin disociaton curve.” Note the
ffec ofblood 70, on the positon and shape of the curve
(page 177) lexdeblu, horse biood.

blood and surmised that this may have been
serial spiit (oxygen). In the 19th century the excellence
of German chent o ther o domtechi feld of

L U e bt iy
cechnique for measuring arterial PO;. This involved the
subject breathing small concenteations of carbon monox-
ide and then using direct colour matching of the subject’s
blood with standard samples to sscertain the carboxy-

. could

hacmoglobin concentration, from which the Po.
4. T sundardise th lght used for com-
1ad to be done during day-

be calculates
patng celes, crptrfients
light and by today’

m»muduv%\ Uit e echnique Haldane found the

aversge arterial PO, to be 200 mmHg (267 KP3), 50

bl e U

sing i the lu

A Da b ad it s, At nd M

Keogh,* became Halda ygen
etion, August Kiogh, 2formcryupﬂ of Bobr, contin-

et el efeme

was more sbundant in arterial blood and vice

T Moot i sl St ' 187, b

showed that the liberation of oxygen as pressure was
duced ine:

ued to refine the tect
mlyis of smller volumes o gas from contnuonsly
Howing blood samples. His results ahvays showwed arte-
1l POt b iy e e sl P v when

was not simply dissolved in the blood-* Meanwhile,
the red compound in blood was identified and soon
found chemically to be a combination of slobulin
oein ind i ol emari The iy of
this nexw “haemoglobin’ for oxygen was soon understood
and Hifner quantified this binding by showing that
nbined with | g of crystallised

176).% By 1888, Hifner had used haemaglobin solutions
t0 record the reltionship between the partial pressure
of oxygen and haemoglobin saturation and obtained a
rectangular hyperbola.” Finally in 1904, Christian Bohe
and colleagues shawved that when fresh whole blood vas
used to messure the hacmoglobin dissociation, an §-
shaped curve was found and that the curve altered with
varying partial pressures of carbon dioxide  (Figure
ERTINY

The oxygen secretion controversy.'* Measurcment of the
partial pressure of oxygen in arterial blood in the 19th
centuryprotoked a uge senifc contoversy. I 1670,
Bohe and clleages developed 4 prinitie scrton

bl mag o syl
) ot et e astechl

i e Bl s il
il ey o e g o s i
ide o show that, in theory, the lung was casily able to
pasively ot ety s the e for

Tollowin a iter xchange of contradictoy scicntific
popers over a period of 20 years, the Kroghs did begin
i the armet. By 1911, Haldane and his team
scemed to acceps. that oxygen secretion might only be
oceurieg when fspied oy el were o, They
demonstrated this, using their wsual meshodology, in an
cven s s oF POy mesarements on the puen
o ke Pk ot st of £300m. (14100 es)
Where they sgain found arceral PO; to be higher than
alseolar PO

Haldane never abandancd hisfith in oxygen secretion,
i spite of subsequent investigations in fis ifetime by
Barcrof, eho also found the phenomenon did not exist
Why o physiologist as brillant as Haldane had such an
unshakesble belief in an erroncous hypothesis remains
unexplained and for ths reason the controversy contin-
ues. When a eviews of these events was published n the
Lanctn 1987 he dispuc oer Haldane's contribution
was reignited




Lung mechanics™

Galen knenw that inflation of the lungs was a passive phe-
nomenan and occurred s 3 result of chest mavement
brought about by the respiratory muscles. However, the
weay i which this oceurred was ot understood for many
centuries until the discovery of air pressure and there-
fore the existence of a vacuum, when it soon became
clear that chest expansion would drave ai ino the lungs.
Even then there were those who would not accept the
cientiic explanaton; Rene Descartesproposed i 1662
that when the chest cxpanded, the air outside was
pushed away from the chess, compressing adjacent air
until the 2ir near the mouth was forced into the luags.
Niayow's eegant demonstaton it he bladder vithin
the bellows, described shove, provided clear confirma-
sl ofthe ccai o
1500 years afvr Galen, Vesslius’ experiments

demonstrted tha when the i
ung retracted into the
sors repeated this observation, Mayow commenting hat
“the lungs, as if shriuking from observation, cease their
movement and collapse at once on the first entrance of
light and self-revelation”* Tc was another 160 years
before further investigation of lung elasticity occurred.
In 1820 Carson messured the pressure in the trache
(with a clased airway) when the chest was opened and
50 made the first measuremen of lung recoil pressure,
A short time hm. Ludig recondcd  ssimosperic

presure in . leading to the proposal by
e
outwards by the chest wall is equal to the ung recoil
imuards (see Chapter 3). Finally, Johr Hutchinson,
whose work an lung volumes is described below, pro-
duced the first lung complionce curves in humans,
obtained shortly after the subject’s death

Elastcity and surfactant. For some tirne ung recoilscems
0 have been adequately explained as resulting simply
from the inherent clasicity of hung tissue. At the start
of the 20th century the geometry and size of the alvcol

were seel known and sror

nd 100 yens b lpaed snce
n pres-

iy alone was suffcient explnacion or the properties

of lung tisue. Von Neergard:

ststed that surface tensi

than expected by Laplace’s l, and just a few years later

Richud Pl dermostated that lun s conined

an insoluble protcin laser th reduced the surfac
ensio o skl 16 dkmost ter . sl rrctont

(gt

Lung volumes. The firse measurements of the volume of
icconbed n the ong e mads o he 170 ey

by Borell, who also raised the concept of 2 residual
volume * Following this, numerots scientsts measured a
confusing variety of lung volumes by various methods,
such 25 total lung capacity from: plaster casts
el lEE R e
those in mod«

S S R
spitometer (Figare 13.12) difer e rom the atr
spirometers used until very recently, with a volume
measuring chamber aver water counterbalanced with
weights o offer minimal resistance to the subject’s
breathing. Hutchinson described the following divisions
of the air in the chest, with the moder equivalents
(page 35) in parentheses:

Residual air - the quantivy of air shat remains in the lungs
afier the most violent mscular effort and over wihick we
ave no control (resicual volume)

Figus 1312 The utcinson sprometr (1049 T e
shows the operata removing the bung o feset thelevel of the
e s e e G ASTR WPl
with permission from the Special Colections, Leeds Uriversty
Lbrary)



air  the air i the fungs after a gendle respivatory
o b throun ous if requared expirs-

reserve volume).

Breaihing air ~ the perton requived to perform ordivary
entle mspiration and expiraton (5l volume)

Complemental air — the volme that can az il be drau
ko the lungs by  violent exertcn (nspiatory reserve

sohume)

Vial capaciy - the last thee dissons combied

I the same paper® Hutchinson reported his measure-

mentsof vital capacity in 1970 healthy subjects o cstab-

ol s e showed it gres scurcs

s s diely rled o s bl and

vita
e

tory cene, parcslay those rom the vpis v,
were clearly demenserated. In particular, Hering and
Breuer descrbed how lung inflton ld <0 inhibiion of

3 “deflation’ reflex was also

d (page 60). These observations gave rise 10 the
basis of the Selbsteuerumg (selfsteering) hypothesis
swhereby ehythm generation was simply two alternating
inhiitory eflees. Tis concep ha pyed s msfor ol
in theories of the control of breathing ever since,
even though ts role in man may be questi domable, 1
remains a clasic example of a physiological autoregulat-
ing mechanism.

o V88 0t G0 fora 55 year-old ale subject 4
inches tall (188 in’ equals 3:31 | BTPS, compared with
d narmal value of 364 1). He then

height and
demonsrae declining lung volames a5 cheir resp
iscase progressed.

Control of ventilation

Gulsit bt of ke s had shown that

iog. Rapidbrstin folloved

by gasping and death had been observed by the Oxford

physiologistsin the 17th century in their npmm»m on

animals in closed atmospheres. Around 1850, a similar

Sequence of events was demonstrated by Kussmaxl and

Thom follving oo ot bl ity the
i in blood improved, so

In 1868, Plliger performed.
dogs showing that both oxygen lack and carbon dioxide
t the former was

sysem exerted very tight control ver carbe

©
.1,< e ot it e g 0

More specc loclistion of the respirtoy centre did
ot begn anel the 186 cotuy e the Fronch
Dhpsitogin Antine Lorty (125,173 showed thatim
sl ll s of e e e iien o
be semaved before respiration cessed.* In 1812, the
Frech physicogie Antoine Legallos pblished rports

cansed a specific nsplmmr\' pattern, for example the
apnestc aad poeumotaic cenes The compleity of
rol i the intact animal is such that this

gists. The role of afferent neural inputs into the respira-

. conciuded that this, rather than
oxygen, was the predominant chemical stin
breathing Leon Fredericq demonstrated in a series of
very elegant experiments that the chemical control of
breathing predominated over the vagal reflex control
described in the previous paragraph.” He managed 1o
cross-connect the blood supply to and from the heds of
o animals and, for esample, produce apnoca in one
dog by hyperventiating the other, the
ven though the dog's lungs were not inflated o induce
the Hering-Breer reflex. Finall, at the sart of the 20th
analytical chemistry

i and the interactions

bbicloanbdeltnimcrpsies o

REFERENCES

Wes 1. Repiratory iy el nd s
Oxford: American Physiolozy Society and Oxford.
Universiy Pes, 1995

West JB. A centiry of pulmonars gas exchange. A I
Respir Crit Care Med 200 169: 897902

Macklom PT. A centurs of the me

charics of
breathing. Ave J Respir Crit Care Med 2004; 170:
015,




Chapter
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KEY POINTS.

B Hormonal changes of pregnancy stimulate
‘breathing, causing an increase in tidal volume

and hypocapnia.

W e

= ke g e e
e e
Iveli continuing to form until around

3 years of age.
Compared with adults, the respiratory system of
2 neanate has a very low compliance and a high

resistance.

 In children, most messures of ung function are
the same as in adults provided the values are.
related o lung volume or height.

RESPIRATORY FUNCTION IN PREGNANCY'

Several physiological changes occur during pregnancy
that affect respiratory funcsion. Fluid reteation caused
by increasing oestrogen levels causes oedema throughout
s iy mucosandicrsses bood vlume, subston-
dallyncenng oxen delen: Prosteone vl
i theough prgnancy nd v st Fim
ol of rsivaicn s dieiiic el bl
gmms. Finally, in the st trimester of pregnancy, the

siratory mensuremens s shown in Table 14.1.

Lung volumes. Durin, the last third of pregnancy the
Harkiogh sl bl i b
of the uterus into fomen. This reduces both
residual volume (by about 20%) and expiratory reserve
ehene,sach cat Fncinal resdual capadity 1 greatly
reduced (see Table 14.1), This is parcicularly truc in the
supine position and cffectively removes one of the
rgest stores of oxygen available to the bocy, makins
pregaant women very susceptible o hypoxia during
anaesthesia or with respiratory discase.

Vital capaity, forced expiratory volume in one second

aximal breathing capacity are normally unchanged
during pregnancy!" In the supine position when the
dinphragm s high in th mspiratory capacity and
maximal breathing capacity may actually exceed nor-
pregaant values

gen consumption. Oxyzen consumption
gt ey peking st beeween 15% and30%
bove normal at. full term.* The increase is mainly
b b s Jesas oAb foaa s Ao
lcets, sch it when ooygen cnsumgtion i
Eyoveae nee v of oy i, there i e han

Ventilation. Respiratory rate remaios unchanged whercas

sbout 4'kPa (30 mmHg).! This must facilitate clearance
of carbon dioxide by the foctus. There is also an
increase in_alveolar and arterial PO, of about | kPa
(7.5 k). Posture has litle effect on oxygenation
and in one study mean values for oxygen saturation (by
el oximets) i the st 4 weks of prgnancy were
97.3% sivting and 96.9% supi

e Iyperventation s atabutable o progescrone
Tevels and the mechanism is assumed to be a sensitsa-
i el i e e Py s

ise 10 a threelold increase in the slope of o PO/
ventiation response curve? The hypoxic ventiltory
ponsc i increased twofold, most of the change occur-
sing before the midpoint of gestation, 5t which time
et e
Drspnocs s in mare than bl o premant
G kg iy & ey the
SR A e o
pregnant women, compared with non-dyspnocic
show a greater
of having similar plasma progesterone levels.* Dyspnoea
therefore seems to arise from an increased sensitivity of




Tidal volume () 052
Respiratory rate (bveaths per min) 8
Minute volume (Lmin) o3
Residual volume () 137
Functiona residual capacity () 269
Vita capacity ) 350
Oxygen consumption (mimin) 104
Aneria PO, (Pa) 126
immHa) £
Arterial Peo, (kPa) 470
mHa)
€O, response siope (Lmi 116
e s ope i) 064

065 072
18 1 18
1o 18 131

127 126 101
25 248 195
385 358 30

m 258
142 137 136

106 103 102

39 393 405
2 2 2
150 173 08

104 113 13

each trimester of pregnancy. Derived from references 2 and 3.

the chemoreceptors to the increase in progesterone
Tevels.

‘THE LUNGS BEFORE BIRTH”

4. Alveolar stage. Saccules on embryonic_bronchioles
v expand and septation occurs to form the groups o

alveoli seen in adult pulmonary acini. se of

development begins 3t 36 weeks' gestation and i

Embryology
The lungs develop in four stages

1. Pseudoglandular stage (5-17 weeks of gestation). A
ventral outgrowth from the foregut first sppears about
24 days after ferslsation, and around week 5 of gesta-
cion this begins 1o form the basic aiway and vascular
ccture, inclding the branching patterns of the
“chlt hung, Dividing cpihels celslegthen the irvoys
and their ability to do this is influenced by physical
factors relating o the lung liguid and foetal breathing,
described below;

2. Canalicular stage (16-26 weeks gestation). The primi
ive tissue architect: ung is farmed. Fibroblasts
and other cells involved in morphogenesis of the lung
undergo apoptosis (programmed cell death), <o che
wall thickness of the embryonic hung structures s
reduced.

3. Saccular stage (24 weeks’ gestation to termj. Distal
airways nove develop primitive alveoli in their walls to
become respiratory bronchi (see Figure 2.5). Saccules
form at the termination of airways, these being

tive pulmonary acini

primi

3 years of age. In humans
at Ful term all major clements of the lungs are therefore
fully formed, but the sumber of alveoli present is ol
about 15% of the adult lung. This postnatal maturstion

n wich
sl matare hng,redy for ,mqu.m activiy

< ligs begn 1o comin surscant nd are i
capable o umecon by spproximately 24.26 weeks
s ing 3 o ot i the vl s

begin

Lung liquid
Foetal lungs contain ‘lung liguid” (LL), which i secreted
by the pulmonary epithelil cells ind flows out through
the developing airvay into the amsioti fluid or gas-
trointestinal tract. The main functions of LL seem to be
flushing debris out of the lung and preventing the devel-
cping =g s fm ol

T the amiotic fid, and that this expansion s respon-
sible for stimulating cell division and lung
respintony i n e regncy conaes some H0m
. but its turmover is rapid, believed to be of the
cdr of 500 per . s volame corrsponds pprox-




with he functional esidual capaciy (FRC) afer
resthing is established. !
[ it ovansitsliojconitbee o ling

=

‘minutes per hous in the last trimester,” normally during
eriods of general foetal activity. During episodes of
bresthing, the frequency is about 43 breaths per minute
Stk o main muscle con-
med, prodcin n et i s of sbuc 2l
o
i nias o & pslieeipremore e veliping

During aproe, elastic recoil of
1nd continuous production of LL are both
intrinsic laryngeal resistance and a collapsed

pharynx. Foetal inspiratory activity, as in the aduls,
includes dilation of the pper airway. With quiet breath-
f LL from the

lungs. Thus foctal breathing movements are believed to
contrbute to maintining lung expansion and sheir sbo-
lition is known to impair lung development.’

The foetal circulation

“The foetal circultion differs radically from the postna-
al circulation (Figure 14.1). Blood from the right feart
s deflected away. from the lungs, pardly through the

Figure 141 Fostal ccuaton 3) compsred

Ductus anterions

en right atrum (RA) and left ariam (LA).
o L, T st e,




foramen ule and sl chroh the s i
Less than 10% of the output of the right ventricle
SR e e
circulation and the  pla
exceeds left atrial pressure ant
patency of the foramen ovale. Furthermore, because the
vascular resistance of the pulmonary circulation exceeds
that of the systemie circulstion before birth, pressure in
the riht venticle exceeds that n the lefe venticle and
these factors control the direction of flow through the
ductus aneriosus. The dircction may be revers

thought o be a major factor. During in utero life, the
pulmonary epithelium actively secretes LL but at birth

this process reverses and the epithelial cells switch to
absorption of fuid from the airway.'* Absorption of flui
Srom acvays o beol 6 s s procee fclited
by 2 sodium channel (page 389). T)

o e g shahed G b i
steroid hormones and at birth, foetal adrenaline and
oxygen trigger the channels to become active. Aqua-
i,  trnsmenbrne procein that fuclates vater
rnaportacoss membracs, i present in st it

between
dhe e i reversd
bilcal veins drain via the ductus venosus into
better
than the superior vena cava. The
anatomy of the atria and the foramen ovale is such that
the better oxygenated blood from the inferior vena cava
passes preferentilly into the lef atium and thence to
the Ick ventricle and 5o to the brain, (This is ot shown
i Figure 14.1.) Overall gas tensions in the foctus are of
dhe ndr of 6410 (8 mnle) i Pz 4175
(S PO e St i
o e i i i e
£ leves is probably i part bl to cencl
hypoxic ventilcory depr ).

EVENTS AT BIRTH

Oxygen stores in the foetus are small and it is therefore
cxsenial Tt i brathing end exygen uptake be cotab-
lished within a few minutes of birch, This requircs
radical changes in the function of both lungs and
cireulation

Factors in the initiation of breathing
infants take theie first breath within 20 seconds of
amd shyhmic rspcton i ully ctabished
within 90 seconds. Thoracic compression during vaginal
delivery followed by recoil of the ribeage causes air to
be drawn passively

sreatly from immediste respiratory
diffcultics, which s not the case in practice. Hypox-
acmia, resultng from opnoca or clamping of the cord, is
unlikely to be = reliable respiratory stimulus at this tme
because of central hypoxic ventiltory depression (see
above).

Fate of the foetal lung liquid, The volume of LL decreases
just before and during labour. Some of the residual fluid
may be expressed during a vaginal delivery but thisis not

butiits

Changes in the circulation

m et coom Pnget il
b, The cstablishment of spomtancous
S
resistance of the pulmonary circulation, due partly to
mechanical factors and pardly to changes i blood gases.
sly there is an increase in the resistance of
the systemie cireulation, due pardy to vasoconstriction
and partly o cessation of the placental circulation. Asa
resul, the right atrial pressure flls below the lef atral
presur, o te relaionsip that s hen msintaind
f

£

the foetal mode, in which the lungs and the systemic cr-
culltion are essentially in parallel, to the adult mode in
which they are in sesies.

Mechanism of reduced puimonary vascular ressance at
birth. Pulmonary vascular resists am d«hncs owing to &
combination of ventaton of the changes n
e
ifficl aresto sty in humans and most work b been
performed in other ‘mammals,"" % but there is no reason
to expect humans to differ significantly.

Retmoval of L. from the hang cstablishes an air-liquid
interface. that s responsible for a apid ncrese i lung
recoll pressure” which, possibly slong with changes in
chest wall compliance, results in 2 negative intrapleural
presare 2 in adal bing. Thi cretes the tramsmorl

between the alveoli and pleura, h
s (pa

aver half of the observed changes at birth."

icher reductions in pulmenary vascular resistance s
a rosult of increased PO, and decreased PCO; are
believed to be endothelium dependent.” Though many
mediators may he involved, prostaglandins, endothelin



e i

R:sp"awvy effort Absent Slow, inegular
Blue, pale l!odynmk.munnmhh:
ng initabilty Absent
uscle tone: Limp e Rk o xteies
oget i ible 10). Score at

and nitric oxide are the most widely studied. The first
two groups have conflcting effects on the neonatal pul-
with in vitro studies showing both

effects of different

yclin scems to be involved
i the in vivo vasodilation of pulmonary blood vessels at
birth, but the effect is minor. In animals, inhibition of

e reduc-

overall condition of the neonate. This is based on scoring
of a scale of 0-2 for five attributes, two of which are
related to respiration (Table 14.2) ® The total score i
the sum of each of the five constituent scores and is best
undertaken 1 and 5 minutes after delivery. Scores of
810 are regarded as normal

NEONATAL LUNG FUNCTION

i ke syt pito bith artenuates the
Nitric

Al c that component of pul-
b it eotom o

entpulmonary hypertension of the newbom
(PPHN)™" occurs in bout 1 ia 1000 births. Pulmonary

leading o pulmonary vasodilation, 25 described above,
sill occur and are. probably responsible for bringing
about suffcient pulmonary blood flow for immediate

survival, ver, seructural_abnormalities of pul-

constriction, or at least a failuse of oxygen-stimulated
vasadilation, in babies with PPHN and abnormalities of
borh endothelin and aitri oxkde actvity are mplicated.
Treatment is aimed at the correction of any concurrent.
lung discase and artifical ventilation to try and improve
2

chanc of bresthng, Poctoral bl cpecy
is about 30mlkg! and total respiratory compliance
50mLkPa (5 ml.emH:0"). Most of the impedance to
expansion i due to the lung and depends primarly on
the presence of surfactant in the alveoli. The chest wall
of the neonate is highly compliant. This contrasts with
the adik, in whom compliances of Tung and chest wall
are approximately equal. Total respiratory resistance is
of the order of 7KkPals (70 cmH,O."s), most of
which s in the bronchial tree. Compliance is sbout one-
vt ofan it nd eistacesbout 15 cmes

e e e
g 4 sbucmigphasts loatharace prisume of the
order of 7 kPa (70 cmH:0).

Ventilation and gas exchange? For a 3 kg neonate, the
minute vohume is about 0.6 Lmin !, with 2 high respira-
tory frequency of 2540 breaths per minute. Dead space

ventilation of about 0.3 Lmin'

size. There is o shunt of about 10% immediately after

Chapter 32) is often required. Inhaled nitric oxide has
also had some success in improving hypoxemia but not
al babies respond.

‘The Apgar score

The scoring system devised many years ago by Virginia
Apgar is still widely accepted as an assessment of the

. Hower:, dsiution s & bettrtan n the
skt i o course, a negligble hydrosttic
% i v i f the Sy hang oF

an infanc.

Oxygen consumption is of the order of 20-
30 mlmia”, depending on weight in the range 2-4 ke.
Asterial PCO; is close to 4.5 kPa (34 mmHlg) and Pox

it

youns adult Arterial pH is within the normal adult range.




Contoof trethig s A s b v
Tot

centaion decesses apdly to becom les thn the

i the foetus, carotid

3 wecks f e HOF gradally dis-

much lower PO, than in adults; the
curve s displaced far to che left compared vith sls.
2 it utero in spice of chis
carotid sinus ac tem inhibi-
tion of the respiratory centre. In contrast to this, cardio-
vascular responses o hypoxia developed in
the foetus, bradycardia and vasoconstriction being well-
recognised responses to hypoxia in neanates, a5 shown
by the Apgar score. After birth, there is a very rapid tran-
stion towards the adult pattern of respiratory control
B hypric vntisory depression s and the
aarotid chemoreceptors quickly 10 adult values.
T Hye ey bmalason Onrelogssnd soim
after birth, ventilation is depressed by the inhalation of

are well

weeks to co

mplete, porsicularly in premature and small
babies and those with other respiratory problems shat

In the me
thing patteens. For
example, “periodic breathing’ consists of slowly oscillat-
ing changes in respiratory ate and tdal volume sze;
onsists of a series of respiratry pauses
w norenal breaths

s aged under 2 months of
200 apnocic episodes and
‘minutes of periodic breathing per day ! and these
sssocited with shoreived reductions in satra-
 propartion of tme spent with regula bresth-
ing ncreases with age such tht, beyond 3 months old,

totha e dogfying e e Chper 17,
dramatic increase in the amount of time 3.
el s e ot peispeossy e

ing that adult hypoxic ventilatory responses are not fully
developed”
Haemoglobin. Childsen are normally bom _poly-

cythacmic with a mean haemoglobin of about 18 g.dI”
and 3 hacmatocrit (packed cell volume) of 53%. Some
70% of the haemoglobin is HBF and the resultant Py is
ellblow heineemal il e Flgus 119)

adult value

appears from th
& months, by which time the P has alreads attained the
rormal adult value.

RESPIRATORY DISTRESS SYNDROME (RDS)""*

syndrome comprises respiratory distress within &
s of it v acts o 5 F l I b, ot
with a greatly increased incidence in premature infants.
The essential lesion s a deficiency of surfactant, which
s frs detectable in the foetal hung at 20-24 weeks of
sestation, but the concentration incresses rapidly afier
the 30th week. Therefore, prematurity is a major factor
i the actiology of RDS, though male gen

be a generic susceptibilty (o
Geveloing RS, posibly resuing from iherited vai
ations in surfactant proteins A and B (page 26).

The discase presents with difficulty in inspiration
against the decreased compliance due to the high surface
tension of the surfactant-defcient aleolar lining fuid.

reses o veniony e, alveolar collpe,
brane deposit, pulms 3
to deraturing of surfa
with gas exchange,
Increased pulmonary vascular resistance may rase right
atia pressure aad reopen the foramen ovale, s increas-
ing the shunt.

Principles of therapy

The physiologicel basis of therapy s to supplement
sutatant activky and employ il vetltion a2
mporary expedient to spare the
ek o b gt cafblipgtsOverall testomens
i very complex and outside the scope of this book, but
aspects of treatment with physiological interest are as
follows.

Prevention. Amiocentesis allows the measurement of
the lecithin (derived from pulmona
spingomyeln i, vhic i gy predicive of ng

surfactant) to

hisrtio s e than 2, then s

bined with careful obstetric management
perinatal stress, should significantly reduce the incidence
and severicy of subsequent RDS.

" Endogenous surfac-

Anter
o e biicses

tant is complex, consisting of multiple components



diided i phosphlidsandprotio i 20 Cor
rently asailable syn tants consist mostly of
gt Abamativly, rturl sufocnt s
tions are obtained.from mammalian kengs or human
amniotic flid and contain both phospholiid and some
of the surfactant protcins, though not necessarily o the
sametype and proportion 25 in humans. Surfactant
roteins are important to facltate spreading of the
saractant around the lung followies admipisration by
inachea msiltion v ther s o cviderce th
sl ulactans re more effcive 2 thepentc
sgents 1 Exogenous surfactant appears (o be taken up.
P D ceis
forunscly ey dow St replacement therapy
e been eoncluiely shown 1 improve survie

i recice complicaton et n many il
S5 and Earope * I addicon,the importance o su-
focant deficency 15 now recogied i many other

b

both the

il gy ek Sl and by increasing
lowing more

iogranhs show the xtent to which paral

Vi venition replaces normal gas-flled lung snd sl

shows that clearance of Perffubron by evaporation from

the lung takes some time (Figure 14.2).

effective vendlation

SUDDEN INFANT DEATH SYNDROME (SIDS)**"

This is defined simply as the sudden death of sn infant
volth kel ot unexplained after
review of the clinical hist

respiratory system s imy e
b et

remains popular, mainly because

ses of neonatal resp
aspication and peumons, and surfactant. replacement
scems to be beneficial

i emimn, Antificial ventilation is considered

Chapter 32. A bigh respiratory frequency is required
ich tha nspiatory and expiratory durations may be 13
litle s 0.3 seconds, but inflation pressures are of the
<ame order a5 those used in adults and do not wsually
exceed 3kPr (30 cmHLO). Both the compressible
volume of the ventilazor circuit and the apparatus desd

of the frequent perieds of apnoca and desaturation
observed in almost all babies und ld (see

¢ this may make the infant susceptible
respiratory disturbances. Normal patterns of arousal
rom slecp may be dlered in babies who subsequently
b s et ol i et

ressed binding of serotonin in several areas of the
bt Iochsing m ren which, n st isblied 10

space tend to be large in celation to the size of very smll

conchopulmorars. dysplasa, a relatively
appears ta be 2 for

37) in the ventiated

1 bumidifcaton and monitoring of aivay

pressure are important. Improsed predelivery care and

Surfactant replacement therapy have reduced the neces-

sity to ventilite infants with RDS.

Extracorporeal membrane axygenation (ECMO) is
described in Chapter 32, In contrast to s use Inadlts,
ECMO i of proven benefit in infants (page 442), recc-
ing mortliy and long-err disabilty in severe neontal
vespiratory falure from a varicty of causes,
Unfortunaeely
wrested vith ECMO a5  resl oftechnical probleans in
babies of less than 2 kg weight or 35 weeks” gestation.

most cases of RDS

Partial liquid ventilation with Perflubron, 3 synthetic
oxygen carrier (page 182), has been successfully used in
neonates with severe RDS. A volume of Perflubron
appoximately equl tothe nfant's FRC i il
the lungs and positive-pressure ventilation by
Ghnal ity sonnid ThesThnid ppeoves:hiag
function by replacing the alveolar air-liquid interface, by

Despite the
populriyof the pnoe hypoths, vt hese
episades of periodic breathing or apnocas contribute to
SIS e lacking, Neverahelss, chis ypshesi o o he
widespread wse of ‘apnoca alarms’ for babies, though
agon, evidence that this reduces SIDS has so far ot
been foun

Temperature regulation may by
and metabolic rate as 2 function of body size
sty high at 3 months of age, leading to the hypothesis
that “heat stress' is responsible.

Infection with common viruses has been implicated in
SIDS, povsbly mediated via genetic abnormalites of
complement companents.” It i believed that SIDS is
e kel tooccr drin the prodromal phas of an
infection before symptoms develop.

Smoking in parents is associated wich SIDS, particularly
if the infant shares the parent’s bed. The mechanism is
ot clear

Steeping position. There is a substantial body of sgree-
ment that the prone sleeping position i commoner in




Pregnancy, neonates and chidren

v

c
Figure 142 Chest i o
(a) Consentional v , drome, (b Paral lui

i and () 3 weeks ; 15, Ruber

Study Group. N Engls Med 1995; 335:761-7. Copyright © 2005 Massachusetts Medical Socety. Al ighs eserved)

infants dying of SIDS, though the mechanism remains  in reducing the incidence of SIDS has been impressive
wncertain. (Figure 143).°

That SIDS is caused by multiple factors is now undis-
However, s prevndon hs rogesed sratls - DEVELOPMENT OF LUNG FUNCTION

e absence of w acti-  DURING CHILDHOOD

ology: In the late 1980s and early ‘)“Ikxmm counccs
introduced national health education: fes to The lungs continue to develop du
encourage the avoidance of prane «\u_ym,, P wall compliance, which
parental smoking and overhest

hel

s childhood. Chest

these health education measures have compliance as i the aduls*
degrees of success in different ethnic and socio-  Below the age of 8 years, measurement of lung volumes
econormic groups within each county, their overall effect s difficult,” but beyond this age many studies of normal
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st

peak expiratory flow rate asa fraction of total lung capac-
fty, specifc sirway conductance and specific compliance
(pige 32), and probably dead space/tidl volume ratio.*

Arterial PO,

97

ol -
i e i s

Figure 14.3 Nationaltends inthe incidence o sudden infant
desth syndrome (SIDS)from 1987 to 1997. (Data from eference.
any

/m
N
Gl o= e o
s A e e

Height metes)
Figure 144 Changes n lung volumes as  funcion of stature.
Vinen considering reference valuesforchlcren, height
metres is used i preference 1o age o allow fo large
s ingroh e, Exh g st e

ot boys an s hough boysgeerly v st sl
atequivlent heigh

lung function are available. Because of large variations in
the rate at which children grow, reference values are
wsually related to height rather than age or weight. Equa-
tions relating hun volumes to height are available.* and
some are shown in graphi
Various indices of respiratory function are independ-
nofage nd by s s that adlt e be
“These inchude forced ex; cond) as 4
fraction of vital capacity, Functional el capacity and

I form in Figure 14.4

breathing.
andalvolr PO, donot clmnge i
hood but arterial PO, increases from the neonatal value

ximum of sbout 13 kPa (98 mmHg) at
adulthood. Much of this increase occurs during
culties in
d&lcrlnmmg the pomal rteral 70y i chidren, Vent
atory responses to both hypercapnia and hypoxia are
s childhood and s
resivly o adlthoo  The changes are small for
hyposic responscs, but quite marked for hypercapnia
520 2 beioved et o the bigher metbolicrte
chil
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KEY POINTS.

 Oxygen consumption increases
power expended during exercse.
The extra tssue oxygen requirement is provided
Sl and blood 0%y

inearly with the

extraction.

To accommodate these changes ventlation also

increases linearly with exercise. This respon:
occurs the moment exercise

® As exercise intensity increases e

inrass by spprovimacly 12! vt e
ity s commonly described in terms of meta-
bolic eiuuaiees (METS) which efer o he numbe of

running st 12 km per hour (7.5 miles per hour) requires
ahout 3 Lmin | of oxysen and is rated as 12 MET: of
activity. Furcher examples are shown in Figure 15.1

Iy
reaching a steady state but continuing to rise
with severe exercise.

The respiratory response to exercise depends on the
leel of exercise performed, which can be conveniently
divided into three grade
I Moderate exercise s below the subject’s

(a8 (e i) ot sl oo feioe

tespond to work (more correctly ‘power’) levels up
s shout 100w 612 kg )
2. Heany exercise is shove the anserobic threshold. The
1

Osygen consumption rises apily at che onsct of o
ercise, with an accompanying in
de_production and @ small_increase in

lactate all increase more quickly again reaching constant
levels within a few minutes, the magaitude of which

relates o the power gencrated and the fitness of the
objece (Figure 152 IF the levelof exercse exceeds
approximately 60% of the subject’s maximal excrcise
abilicy (see below), there is ususlly a secondary ‘slow
component’to the

cisted with a continuing increase in blood lac
which ultimately preveats the exercise: e

This too may be regarded a5 a steady state,

Sexere exercise i well above the anacrobic treshald
and the arterial blood lactate continues o rise. This
s an unseads stte and the level of work cannot long

OXYGEN CONSUMPTION DURING EXERCISE
There isa close relationship between the external power
that i produced and the oxygen consumption of

subject. (Figure 15 oxgen orsumpeen &
st (the basal metabolc rte) s of the onder of 200-
i i e

(Figure 15.2¢).
posed. for s slow component of Ton, ncuing
increased temperature, the oxygen cost of breathing,’
ot rusiass 3ol optinksin
skl e of difng e types i prolonged
ise.* No consensus has beer

Maximal oxygen uptake

il oxygen uptake (VO,...) refers to the oxygen

consumption of a subject when exercising as hard as pos-
sible for that bt A . nd helby young adult of
i of about 3

70 kg should be able to main
min™, b this decreases with age to about 2 Lmin! at




Powe (uats)

T e

o with varying degrees of exercise. T

‘oxygen consumption as a function of thelevel
developed.

& metabolic cquivalent, which s the number of
multiples of basal oxygen consumation required
for diffrent activiies.

s
i Plying gof 4
Waking (40km#')
sing
) En 600 50 2000
Powergmamin
bl el e AT G e s e T
0 et ko oxygen consumed is used by locomotor muscles

1 be inresed by el e
achieve values oS Lo, Th

ailise 3 greater

68 Lin! on the il Thi reuied 3 minie
volume of 200Lmin" (cidal volume 3.291
frequency of 62 breaths per minute).

Oz 5 commonly used in exercise physiology =5 a
measure of cardiores v itnes. Subjects undertzke

a platean (Figure 15.2), which is the subi
A lenls e el o
when maximal osygen uptake is reached may be diff
cult because of

universlly accepred. Eie avlews rarely reach a scs-
ctory plateau in VO, and secondary criteria such as

plasma lactate levls or 3 aised respiraory

enchangs sloroecd /b used o deime VO

Wich the high minute volumes seen during cxerce

oxygen consumption of respiratory muscles also
becomes significant, being around 5% of total VO, with
moderate exercise and 10% at Vo, (see Figure
151)%

Response of the oxygen delivery system
A 10- or 20old incresse in oxyges

s xmpled wieptsion oh bk i culad
respiratory systems

Cnygen devery. This s he roduck of cartoe cuut
and arcerial oxven content (page
e gL b e

:
3
§e7%
5
2
7
¢
E

sumption of 4 Lmin" is a 16-fold increase compared to
the resting scate. A typical cardiac output 2t this level of
exercise would be anly 23 min- (Fgure 15.3), which
isonly five times the resting value, Therefore, there must
also be increased extraction of oxygen from the blood.
Figure 15.3 shows that the largest relaive increase in




e L ]

3
Time i)

serise withan increase i act
Jevel () severe execise above the anaerobic threshold when

of blaod lactate seen during keavy exerci

the dissaciation curve to o
T ey e blood
s o bl

ion times, Fortunately the respiratory system normally
responds rapidly to shis requiremen.

ANAEROBIC METABOLISM

During hessy exercis, the total work exceeds the capa
ity for acrobic work, which is limiced by oxygen trans-
o el he difference is made up by anserobic
mesabolism, of which the principsl product s lactic aci
(i Fgor 11.13), which i imos. eniely fnsed ©
. The anserobic threshold may

emperstie, he de
i and alcade, A adional o the el
eroups that are used to accomplish the work, as differ-
il muscle s, and therfore sl g,
have different metabolic produ

iing severe enrcise dhe lcateJevel contines 10
sise (Figure 15.2¢) and besins o cause distres at levels
sbove s 11l en e the poml s
fevel Lactate accumultion seems to be the limiting
e ey and dhe prosresine

work!

Note thatwith
severe exrcis (), the ncrease i orygen consumption s
bighasic wih a second ‘slow component.

codisc output oceurs t mild lesels of exercise. At
cardiac output is

an oxygen consumption of 11

dready close to S0% of its maximal value.

Oxygen extraction. In the resting state, blood retucns to
am right heart with haemoglobin 70% saturated. This
ides a substantial reserve of available oxygen and

e areerilimixed venous oxygen. content dilference
increases  progressively as oxygen consumption it
increased, particularly in the mixed

imserscly related to the tme for v

. Thus there is 3 reciprocal relationship becween
the record times for various distances and the speed at
which they are run

Oxygen debt

The difference between the total work and the aerobic
work i achieved by anaerobic metabolism of carbohy-
drates to lactate, which is ultimately converted 10
citrate, enters the citri acid cycle and is then fully oxi-
dised (page 184). Like glucose, lactate has & respiratory
quotient of 1.0. Although this process continues daring
heay

venous saturation may be as fow as 20% (see Figure

This decrsse in mixed veous stuation cover
the steep part of the oxyger s ke o
Fiure 11.9) and thercios the decrease i FOx s rela
sively less (5 10 2 kPa or 37.5 to 15 mmbg). High levels

dised in the erly stages of recovery. Oxygen consump-
tion remains above the res

this purpose. This < ment of the
oxygen debt’ and is related to the lactste level arained




Figure 15:3 Changes in ventlaton, oxygen
consumprion, cardiac output and oxygan
extraction at different evels of power
Geveloped.
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Repayment of the axyeen deb is especialy well evel-
oped in the diving mammals such as seals and whales.
During 3 dive, their circulation is largely diverted to
heart and brain and the metabolism of the skeletal
muscles is almost entirely anaerobic (page 271). On
Targe quantitis of lactate arc

i are rapidly
muahnhw(l whill the anima is on the surfice betveen
dives

e e e
beay exercise results in an increased

e o it iy S A ey
Excess oxygen consumption may oceur for several
andis relsted to

even when

temperacure and increased fat mecabalism, though proof
o these b acking. Ber

s Tl of casbolic hormones such 3 cortisol and
otecholamine, which may explin the exces V.

cise at around 7% of VO,

‘THE VENTILATORY RESPONSE TO EXERCISE

an cquilirium level of ventlation (phase 11 within
about 3 minutes.”” With heavy esercise there is a sec-
endary inrease i vntistion st mayresch 3 e
but ventiltion cons
el s el e R
within a few minutes. After heavy and severe excrise,
return to che resting level of ventilation takes longer, 25
the oxygen deb is repaid and lactate levels return to

normal
The ventilation equivalent for oxygen. The respiratory
minute volume is normally very well matched to the
increased axyzen consumption and the  relationship
between minute volume and oxygen consumption i
approximtcly linesr up 10 an oxygen consumption of

" in the untrained subject and more fol-
ovwing trsining (Figure 13.5). The slope of the lincar purt
i d equivalent for oxygen and is within
the range 20-30 L ! venulation per Lmin ! of oxygen
consumption.” The slope does nat appear to change
with rining,

n bea

cis, above a cricallevel of oxygen con-
tmpton (Oyles pind, the vendlationncreses above
he e i el sl el

Tome cose!n the prvions st s s
exercise without a rapid ventilatory response would be
dangerous, if not fatal. In e S oibyas
does respond with grest rapdity (Figure 15.4). There

e ventlaton s, i ot slighly before
the start of exercise (phase ). During moderate exer-
cise, there s then a further increase (phase I1) to reach

e sl s
e = s e b ateris i
tial PCO: decressing by levels of the order of 1 kPa
(7.5 mmHg). The excess ventlation is probably driven
by lactic acidosis. In the trained athleze, the break from
finearity occurs at higher levels of oxyzen consumption.
“This, together with improved tolerance of high minute

Fxgum 15.5). Th




St

Minute volumes as great as 200 L have been
recorded during exercise, although the normal subject

oxygen

tion approximates to 60% of MBC at maximal
consumption.* The usable fraction of the MBC can,
however, he increased by training

Diffusing capacity. Diffusion across the alveolar/capilary
wrmally limi the increased oxygen

Flgure 154
reltion 10 8 short perod of moderate exercise. Note the instant
increase in veniation at the star ofexercise before the

metabolic consequences o exercse have hid time to develop.

T ] 3
Orygen consmption (min

Figure 15.5 Changes in minute volume of ventiation In
esgonse to the increased oxygen consumpton of exrcise. The

consumption at sea level but this s a limiting factor at
altitade (see Chapters 9 and 17). Exercise-induced

vhieh s seon_fuicly commrly i e
athletes, is helieved ¢ e
b, oo lmation.slong with kst
pulionary ventiation/perfusion. ratios and. e 2
Timitarion. "

Control of ventilation
Elucidation of the mechanisnss that underlc the remark.
ably efficient adaptation of ventilation to the demands
of exercise has remained 2 challenge to generations of
il el 3 gl sl lor

Neural factors. 1t has long been evident that neural
fucons lay s importnt ol parclry s vencltion
normally increases a or exen before the surt of exercse
fphee 1) when 20 ot sl bl b
chinged excep o e P 150, Trre
i e et e e | el

xygen consumprion in tained athietas, who can also tolrate:
igher minute volumes. A to C shows progressve evelsof
taining, Both mechanisms cor blethe tained
athete to ncrease his maximum oxygen consumption.

volumes, alosss the trained athlete to increase his V0.
s shown in Figure 15,

M wolire and pnes, 1 = gy el
that the ventilatory system does rot limit ¢
nommal subjects,although the evidence for Pl
elusive. One study’” found that S0-60% of maximal
(MBC) swas required Tor i e 808,

Hawerer, the breskig poin of
exercise is usually determined by breathlessness, which

" o leared
of execise.” Simply imagining exercisng 1 an other.
wise relsxed

again indicating that the early increase in ventilation with

exercise is a behavioural response.

Arterial blood gas tensions and  the chemoreceptors.
There is a large body of evidence that, during exercise
4t sea level with oxygen consumption up to sbout
3Lmin', there is no significant change

or POy of arterial blood. In one scudy, even at the point
of exhaustion (oxygen consumption 3.5 Lmin"), the
arterial PO; was the same as the resting talue and Peo,
svas resced. In healthy subjects, bload gas tensions do

fon uilses 2 high pro-
e

not therefore seem at first sight (o be the main factor

pocionifthe MG Thereke
MBC and V¢

%o this conclusion.



Inhalation of 100% oxygen during exercise reduces
minute volume for a particular oxygen consumption ™
The Poy/ventiation response curve is known to
steeper during exercise (see Figure 5.8), so ventilation

will respond to small luctuations in normal arcerial Po.
s these ceumraoces Car

id body resection” or
dy act

‘.mm, ‘phase 11 (see Figure 15.4). Thus it seems hm

{5 he pespherel hemcptors e il |

 yperpnoe, siculrly

nduced

ffcult to avoid the con-

sharply with their dominant role in the control of res
ventilation

"Humoral mechanisms. Humorsl factors play a compara-
derate exercise but are more

e o excess ventilation during heavy and severe
exercise (see Figure 15.5), causing a slight reduction in
arterial Pcos. Slighe additionsl respiratory drive may
result from hyperchermia.

FITNESS AND TRAINING

The defnitions of moderate, heavy and severe exercise
st the beginning of this chapter are not tansferable
betuween individuas. A given amount of energy cxpen-
diture that constitutes severe excrcise 10 2 sedentary
unfit subject i likely to represent less than moderate
e 0 2 vl athcte, The I oy
between power generated 2nd V0, (see Figure 15.1) is

emakaly contstent mespecine of Tinces and trin
ing, b the distance 3 subjct may proges don this

20 mumol 1", or twice that of untrained subjects. There
are two respiratary aspects of training that merit further
consideration.

Minute volume of ventiltion. Maximal expiratory flow
e o limied by fowependens siewsy e (s
44) and is relatively unaffected by trainin

letes may be able to maintain ventlations as much as
90% of their MBC.

Ventilation equivalent for oxygen. There is no evidence
lhar training can alter the slope of the plot of ventilation

inst axygen consumption (sce Figure 15.5). However,
the wpward inflcton of the curve (Owes poin) i
further to the right in the trained subject. This permits
' bigher caygen: consumption foe

processes in skeletal muscle to minimise the stimulant
effect of lactic acid. There is ample evidence that train-
ing can improve the acrobic performance of muscles by
s adpations inclin,for example he incressed
density of the capillary network in the muscles. The con-

et o i acidonts o Thereie e

than any specific change in respiracory function.

Cardiorespiratory disease™ '3

Patients with cardiovascular o respiratory disease have
poor exercise tolerance for three main reasons. First, the

line, that s, their VO

o bl sartic b il g st
levels normally limit exercise tolerance. Intracellular
actic acidosis in muscles gives dise to weakness and
espiratory stimulation rapidly takes the

umnmed sibrects (s o) e el sl

te that train of the liver to
cemove circulating lactate
can tolerate much higher blood lactate levels, up to

minute volume i required 1o achieve a given Vo
Second, the proportion of MBC that a patient can tok
erate s reduced and, wehen combined with the presious
observation,this results in an extreme limitation of exer-
ek e e
Hypoxia or hypercapnia occur mere commonly during
extree in paceats with respratary ciess, Thind 3
limited increase in cardiac output in respos
cise means that mixed venous oxygen levels wil fall
more rapily, and also causes inadequate muscle
fow, impuiring the function of respiratory and axher
muscls. Anserobic metbolism therefore occurs much
more quickly, leading to extra ventlatory requirements
and exhauseion

to exer-
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KEY POINTS
® During normal sleep tidal volume is reduced,

Shoves frequent rapid e movements that are casil dis-
tinguished from the rolling ese movements of non-REM
Slep. Drcaming occurs dusing REM slecp.

Guring rapid eye movement seep when

The s during the night
and the pattern varies between different individuals and
i 161

h gzil muscle reflexes causes increased
airways resistance, leading to snoring in many.
normal individual

Sleep-disordered breathing describes a

1

Stage 2 10 3 and sometimes into 4. Episodes of REM

Seep alternate with non-REM sleep throughou the

night. On average there are four r five episadles of REM

slep per igh, it tendencyfr e draion ofthe
I

occasional snoring to frequent periods of airway.
bstruction and hypoxia during sleep.

Slecp-relsted breathing disorders are now known 10 be
extemels common and hei effects present o maor
public health challenge.’ This

3 and 4 predominate in the early part orne e The

‘uncommon for the sleeper to pass from any stage into
sage 1 or full consciousnes.

chapter
review of the effects of sleep on respiration in the i
and pathological states.

NORMAL SLEEP

Sleep is classified on the basis of the electroencephalo-
sram (EEG) and clectrooculogram (EOG) into rapid eve
movement (REM) and ron-REM (stages 1-4) sleep.

pir o
Ventilatin? Tidal volume decreases with decpering
levels of non-REM sleep and is minimal in REM slecp,
when it s shou. 5% les chan in the svake ste
Respiratory frequency s generally
brehng s nommolly iegulr daring
Minute volume s progeessively reduced in paralel
with the tidal volume. These changes in ventlation are

Stage 1 is doring,
The EEG i low vltage. and she frequency 5 mised but
predominantly fast. This progresses to stage 2, in which
the bacggound EEG s amiar to stage | bue wity
episodic sleep spindles (frequency 12-14 Hz) and
complexes (large biphasic waves of it
sppearance). Slow, large amplitude (3) waves start to
appear i stage 2 but become more dominant in stage 3,
in which spindles are less conspicuous and K complexes
become difficult <o distinguish. In stage 4, which is
often referred to as deep sleep, the EEG is mainly high
volkage (more than 75 #V) and more than 50% slow (3)
frguency.

I slecp has quite different characteristics. The
££G pattern is the same as in stoge 1 but the EOG

brought about by the s changes dhat
cause sleep. Increased activity of GABA-secreting new-
rones during sleep has a direct depressant effect on the
nwre (see Figure 5.4) and activation of

chnhnergx heurones is thought to be respansible for the
repitory atermssom durog aon REM slecp.

ral PCo, is usually slightly clevated by
0'4Pa (3 ) I she young heaky adul, areral

reases by about the same amount a5 the PCO: is
increased and therefore the oxygzen saturston remins
ceasonably normal. Mean value for ribeage contribution
to breathing (page 80) was found to be 54% in siages
1-2, decreasing slightly n stages 3-4.” However, in REM
slep the value was reduced to 20%, which is close to
the normal awake value in the supine posicion.
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Nght2
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Chemosensitivity. In humans, the slopes of the hyper-
capric and hypoxic ventilstory responses wre markedly
reduced during sleep In both cases, the slope is
reduced by spproximately one-third during non-REM.
sleep and even further reduced during REM. sleep,
By e i s sbolished
completely:

Effect of age. Compared with young subjects, the elderly

episodes of transient hypexaemia occur in subjects who
are otherwise healthy, with sarurations commonly falling
b

as low as 75% during sleep. Such changes must be
egarded as a normal part of the ageing process.

Pharyngeal airway resstance. Air flow through the sharp
bends of the upper airway is normally laminar, but s
believed to be very close to becoming turbulent even in
normal subjects.” Pharyngeal muscles may play 3 cruca

mainsaining the optimum shape of the airway to
maintain laminar flow, and the speed at which these

mechanisms can respond to changes in

seal pressure (page 76) may be more criical than prev
oulythouge 2 Ay conditonhat attcmates o ey
these reflexes even slightl,such assleep or alcohol inges-

\jﬁmﬁw

consecut

et ) e econd Ky sppld
o7 orc hamion,

tion, will then have a major effect on air flow in the
haryns, causing breakdown of the normally laminar
Hows

The nasal airway is normally used during sleep and.

ekl oy 2030 o ka4l
iy fuvm( activity corre
it
s o it 18 s oo 10 ey
resistive Toad. The activity of muscles with predomi-
nanty phasic inspiratory activity (e geniohyoid and
senioglossus) is influenced litle by non-REM sleep.” I
spite of maintained phasic activity curing sleep the tonic
activity of geniohyoid is reduced, wheress that of
senioglossus is well prescrved and responds appropri-
ately o resistive loading It thus appears that the mj
n the tonic activity of nasopharyngeal
e rand i St b gl regatee
ot isine il ettt et e
was clearly shown during application of external resis-
mal subjects dring non-REM sleep.” In
one study; pharyngeal collapse occurred at @ mean value:
of 13kPa (13 cmH,0) below atmospheric in normal
sleeping subjects.”

effect s upor




The senlaony esponss o incemed sy esince
is important in normal sleep because of the increased
pharyngeal resistance - isgeneraly well preenved
There are substantial an both
diaphragmatic and genio] — inspiatory ity fol-
lowing nesal occhusion in normal sleeping adults.

Snoring

Snoring may oceurat any age but the incidence isbimodal,

in which tidal

syndrome™
volume and arterial oxygen saturation (Sa.) remain

Upper airway resistance
normal but 3t the expense of extensive respiratory
effort, which causes over 15 arousals per hour.

Obstructive sleep hypopnoea involving frequent (>15
per hour) episodes of airvay obstruction of sufficient
severity to reduce tidal volume 1o less than 0% of
rormal r 10 seconds. There may be small
decreases in Sa

is females and | :

It may occur in 3ay stage of sleep, becoming m

pronounced s non-REM sleep deepens, though usually

attenuated in REM slecp. Recent work has shown that, as
i I

pi of obstructive apnocas lasting over 10
Seconds and sssociaed with severe decreases in S In
fact, durstions of apnoca may be as long as 90 seconds
and the fequency of the cpisodes 3 high as 160/hous

may be severe.
the lateral rather than the supine position."” About one-
quarter of the population are habitual snorers, but these
vary from the occasional snerer (e.g. after alcohol or with
2 e ety el  the bl -
sistent ang snorer.

Shoring riginates in the oropharyax and in
R R
pillars of the fauces. However, in its more severe forms,
during inspiration the walls of the oropharynx collapse
and the tongue is drawn back as a result of the subat-
mospheric pressure generated during inspiration against

e at the
e, or may be the

diren.* As obstruction develops, the inspiratory muscles
sreatly sugment ther action and intrathoracic pressure
all a low as 7 kPa (70 cmH:O).

Apart from the annoyance o conjugal partners and
others, there are strong associations becween snoring and
2 vde range of pathological conditions,including hyper-
tension, heart and chest diseas, eheumatsm, disbetes

i

rom sleep or apnocs, but
precede the development of more serious
sleeryrelzlcd breathing disorders.

SLEEP-DISORDERED BREATHING

In severe cases, 50% of be spent without

mes are commonly grouped
together as sleep apnoca/hypopnoca syndrome (SAHIS).
Severity s quantified by recording the apnoes/
bypopnoca index (AHI), which is simply the number

ing longer th

of SAHS, defined as an AHI of oves
and 24% i men and berween 1.5% and 9% in women,

result of wpper airway
nd b monements become oot (e
16.2¢), hypopnoea results. When these movements are
al but opposite in phase, there is obstructive apnoea
isure 16.36). Ohstrucive apnoea may occur in REM
non-REM sleep but the longest periods of aproea tend.
to occur in REM sleep. As for snoring, airway obstruc-
ton s s requent when lsping inthe Tateral, rather
than the supine, position. ral aproeas are mor
common in elderly patients.

‘The mechanism of airway obstruction”72*

© respiratory.
sbnormalities scen during sleep, which range. from
simple noring o e hestening obstrcte slcp
spnoca.! 721 = All are charscerised by arway narrowing
o absruction tht leds 10 Wm« episodes of arterial
hypoxia and arousal o of increased respiratory
chor, Repeste routals b il
to excessive daytime sleepiness. Three syndromes are
described, but there is considerable overlap between

i There agreement
il e e i SAS have anstomicall
rosver sirways than controls, though there is consid-
ol cverlap: Aaatomkal srvay pabwiag o bebicred
o relate to two main factor
Bt sty lbierocs hasngoal vyl
central pattern of obesity, commonly seen in males,
includes extensive fat deposition in the neck tssues. This
accounts for the association between SAHS and neck
circumference ™ Adipose tissue s best visuslised wsing




‘magaei
SARS colection of ot re sy sen Lt tothe o predivaly reduces both.
ween the

: [ i Fgre 162 Comrous ot tresriog g
YEANANNANA NN e ypes of apoes an ypopnoea showing
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subjects cven when awake. This reqiirement for
increased pharyngeal muscle activicy to maintain airvway
size may become impossible to maintain during slecp.
Coupled with the normal loss of tonic activity of ph

ryngeal muscles (sce above), sleep quickly results in.
sineay obstruction

Airway collapse occurs only in obstructive skeep spnoca
nd normally resuls from increased upstrears resistance
behind the soft pelate, leading o secondary downstream

. The case with which this collapse accurs
jon of the compliance (collzpsibiiy) of the
hypopharynseal walls, opposed by the acion of the pha-
ryngeal dilator muscles. Colapse i more likel (o occur
when pharyageal compliance is high and particulaly
when there s ncressed subascosal fat n the pharyns,
3 situation that seems to occur

* Severe collapse of ¢

v oceurs with the combination o col
atic contracton, depressed pharynaeal dilator muscle
activity and upstréam obstrction

laps
i 2 functi

more commonly in

Arousal
Aproca or hypopnoea is terminated when the paticnt
is sroused from sleep, though this arousal is normally
subcorcical; that is, the patient does not return o full
consciousness. Arousal is fallowed by clearance of the
pharyngeal airvas, and this is crucially important for sur-
il Lo it of 0 ] ey ropone

urves, hypovia. and hypercapnia do contribute to
i) probablyslongside Tetiia b ey

without SAHS,” endangering themselves and other rosd

Codovesalr effects. Each ol s o wih
of catecholamines and repeated

hypoxic episodes may also be
opment of pulmonary hypertension and right-sided heart
o sl K o e intellectual deterio-

vorsc in patients
Vit biher snrclaed, plmonary disesies.

ration. These effects are considera

Principles of therapy™>*
Comenatve usament. A of el s
d Seep il il
i the AT ol g e

s s i SATS s s el 3
B il oo P i vy
diameserand sedusingth sendency ofthe iy ol
lapsc.® There s some evidence that small amounts of
weight los are assocsted with large reductions in AHL

the supineposition during

Nasal continuous positive airway pressure (nCPAPY” aims
to avoid the development of 3 subatmospheric pharyn-
ol to cause downstream pharyngeal

recepto
i vice LS ot o o1 thes P Tesle
in increased respi which brings  about

arousal.” Whatever the mechanism, arousslis accompa-
nied by massive sympathetic discharge.

cory drive

Medical effects of SAHS**

The effccts of SAHS are ot trivial and, over a period of

udies have not -uquml:ly conteolled
T ik et oF smoking obai
consumption. There are two main cuses of increased
mortality

Arousal. A might's sleep that is disturbed hundreds of
times, even subconsciousl; leaves the individusl with

¢ somnolence, with decrement of per-
. The sbility o drve i impaived,
such that patients with SAHS have an odds atio of 6.3
for having 2 trafic accident compared with. subjects

collspse. It requires 3 well-itting nasal mask
plastic whes that fit inside the cxternal
presed sic musc foes rovided at the

ped

during espiration. In effect,

intermittent positive-pressire ventilation. Compl

with nCPAP may be poor, but it has proved to be hihly

effective in the relief of obstructive sleep apnoc

ticularly the daytime somrolence that has such a major
effect on the patient’ life

Jiance

3, par-

Surgical reliefof obstruction. For snorin slore, the frst
approach is the removal of any pathological obstruction
Such us masal polyps that cause dowastream collapse,
though this may not improve patints with SAHS. &
radical approach is uvulo-palato-pharsngoplist,
hich recces the size of the soft palate and so dampens
palatal osciltions and reduces pharyngesl collspse at
this level. This is usally very effectve n the relef of
snoring” s s sl i SATS is e impresive, ith

=]




symptoms improving in less than half of patients.
Non-obese patients with SAHS who have facial bone

night) has been used in some cases 25 a last resort.

appiiances are availible that can be maincained in

are effective treatments
surprisingly wwell tolerated by patients.®
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Chapter

KEY POINTS.

B The low inspired axygen partial pressue

acclimatisation occurs over a few days
alttude,

B The rate of ascent and the altitude achieved are
determinants of altitude-related lnesses, which

metric pressure was found to be 2.4 kPa (18 mimklg)
sreater than predicted and this was crucil to reaching
the summit without oxygen. The uppermost curve in
Figure 17.1 shows the expected PO, of s a5 a function
of altitude, while the crosses indicate observed values in
<he Himalayas that have been consistently higher than
expected.

potentially lethal high-ahitude pulmonary
‘oedema.

= Populations who reside at high afttude have
‘adaptations to their environment, such as lesser
degrees of hyperventilation compensated for by
a greater lung surface area for gas exchange.

“ommercial airc ins e pressurised to an
equivalent atitude of below 2400 m (8000 f)
and so represent a level of hypoxia similarto.
breathing 15% oxygen at sea level.

o s o rneilc e fls
cioal concmiion of ey I he e

2f

©20) of wate:
body temperstre (5.3 KPs o 47 e remain com
stant. The PO of the inspired ar is elated to the baro-
metric pressure as follows:
Inspived gas PO, = 0.21
X (romeuic presre ~6.3) kFa

21 % (Barometri

pressure — 47) mmtlg
The influence of the saturated vapour presu
becomes iy more imporan unl, o an ltude
pproximately 19,000 m or 63 000 fect,
S e S pressure A
alvealar PO; and PCO; become zero.

Table 17.1 s based on the standard table relating
alitude and e. However, there are
impte e b T e

pressure under certain circumstances, particulary at low
i, At e s oF Evere . caud b

or Inspired gas PO

The acute effect of altitude on inspired PO

simulated by reduction of the oxyeen concentration

of gas inspircd at sea lovel (see Table 17.1). Conversely;

up 1o 10000 m (33 000 ), it s possible to restore the.

inspred POy to the ses et value by an appropriate

the oxygen concentraton of the inspircd gss
ble 17.1)

19,000 m, above

swhich body fluids boil

RESPIRATORY SYSTEM RESPONSES TO ALTITUDE

Ascent o alitude presents three main challenges o the
propessielyredused

respiatory system,resulting from
inspired PO, low relative humidic
ronments, . Hypo

. extreme col r
o ofthise e s gr o b logoal
changes toallow continuation of normal activitis at ali-
wule. The effciency of these changes depends on many
factors, such as the normal ekticude at which the subject
lives, the rate of ascent, the altitude attained and the
health of the subject.

Acute exposure to altitude
r echnology now permits attude to be a

quickly and without the euertion of cimbing frivins

few hours, ail, air, cable car or motor transport may take

2 passenger from ncar sea level <o a5 high as 4000 m

(13100,

Ventiatory changes. Ac high shitude the decrease in
inspircd gas PO, reduces alveolar and therefore arteral



POz The actual decrease in alveolsr PO is mitigated by
hyperventilation caused by the hypoic drive to ventila-
tion. Howeser, on acute exposare to aliitude, the venti-
Istory response to hypoxia i very short-lived owing to 3
combination of the resultant hypocapnia and bypoxi

oty deeine (osge 66 and Fgure 5.7). Dting the
e fe days ke, thisdisdamageos neatve

feedback is reversed by acclimatiation (sce bel

Signs and symptoms. Impairment of night vision s the
culcst sign of hypoxia and may be desected as low as
1200 m (4000 ). However, the most serious aspect of
scute exposie to atude s mpairmneat of mental per-
formance, culminating in loss of consciousness, which
usually occurs on scxte exposure to alitudes it excess
of 6000 m about 20000 ). The time o foss of con-
Sciousness varies with alitude and is of grea pracicl
ftance to pilots in the event of loss of pressurisa-

10 t) and is governed by lung-to-brain
circulacion time and the capscity of high-cnergy phos-
phate stares in the brain (page 334).

Acclimatisation to altitude

Aecmaiypion I e pross by hich lerance
are improved over a period

b el ey
Tives. o1 relaively low sltitude. ascends o o much
higher acea. Everst has been climbed without oxygen
by wellachimatised lowlmnders, akhough vithot
a ure on the summit

17.2). A
t© nh\s.(.\.,ﬁm\ differences in permanent residents
st high altitede and s quie  different
scclimatisation

Farlier studics of acclimatisation took place in the
e g bbbl i s of
i

ascent 0 the summit of Everest
sonditions permited extesie Frsolagil resesich
ndersen, nchoding areril and Swso-Gane

luring exercisc.




Figure 17.1 Inspired, alveolar and arteia gas

s » partalpresares e, 5 uncionof

2 afitude.
standard data in Table 17.1, but the crosses

140 show actual measurements n the Himalayas
The aveolar ga data are from reerence 1 and
sgrematatlywellith he il Hood
Gata flom the simulated ascent of Everest*

Denver

10

et

w0

Aveolargas o,

Alttude gam)

Figure 17.2 Symptoms ofacute and chroric
exposure to alitude.
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Figure 173 Efects of prolonged hypoxia
{equivalen t0.4300 m, 14 100 £ on ventiation
and blood gases, The fst section of the graph
shows the acute hypoxic response and hypaxic

g
%

Arel P

Aeckmithton ke e prly
rastoring 7o, by
rentiation
e i el whie remaining
atatitude. Indiiduas wh reside thoughout
7o, values

it lesser degrees of hyperventiation, but il
Jnute ventiaton greater than sea evel
normal, (3fe reference 4]

10

t—il

Twesk  2wees
Dationat aifude

Ventilatory control. Prolonged hypoxia results in seversl
complex changes in ventilation and arcerial blood gases,
which are shown in Figure 17.3.* The initial hypoxic
dive to ventlation on acute exposure i short-lived and
after about 30 minutes ventlation returns 1o only
ormoxic levels, with PCO; just below
b ek

Sty sbore

e i

o b o £ ekl v s e dars

ventilation slowly increases, with an accompanying

reduction of PC0; and increase in arterial PO This

incresse i rlcvly small in magnitude and can neser
!

of the low blood FCoy, stimulation of the central
chemorcceptors almost certanly plays a parc in the
Iypenclbion o i s, 1 v
frs vt in 1963 that he resorsion of crbr-
splm] i (66 iy by e o i
e Ll e
Lo ko skvade” Shoty ftcrwards Severinghaus and
hiscollesgues measured their own CSF pH during accli
matisation toalttude and showed thac t did ndeed tend
o return towards it intial value of 7.2. Subsequent
work shorved that the time course of changes in CSF pH
id not match changesin ventlation,* with most studics

s vt mre G
* Chan

SF pH during contin-

rrect fevel) values,
to be enough to e
acute exposure to altitude.

em unlikely to represent sn
ml..mmm.m Other sudics, mainly i animals,ind:-
cepresents an increase in the

rate at sehich acclimatisation takes place, being just a few
hours in most animals and several days or weeks in
humans.* Both the rate of ascent and the aliitude
o e st i mmiazon o
matisation. occurs,” but in humans, most s are
filly acclimatised within 1 week,

re many possible mechanism o explain the
ventilatory changes seen with acclimatisation.!” In spite

respansivenes respiratory centre to hypoxia from
Bk s o sl s enthe il

respansivencss may be mediated by alterations in the
sensiiiy o peuromsmitrs ol in sty
control are 5.4). For example, incre

ot 5, otsmane il ey oese’ emilony




whereas decreasing GABA. sensicivicy il ffectively
reduce hypoic venelatory decline (pege 66).°
changes affcting the central chemo-

tion to.

This was formerly thought 20 be the main factor in the
ventlatory adaptation to altitude, but it now appears to
inor importance compared to the changes in the

oy is mmwd during prolonged hywxm s
contributing to the pr

central and peripheral

with seclmtistion, hum.ns, the acute h)p\m: ven-

and may reside
carotid bodics themselves or with the increased respon-
siveness of the espratory cente descibed i the pre-
vious paragraph.

Respiratory alkaloss 2t alitude is counteracted, over
the course of a few days, by renal excresion of bicar-
bonte,reuing n 3 gt of mctsbolic acidss st

tend to increase respiratory drive (see Figure 5.5).

1. course of
o i durmg pee=hree s
shows changes in alveolar gas tensions with alitude in
fully acclimatised mountaineers at rest, Alveolar PO,
weas found to be unexpectedly wel presered 1 extreme
altitude and sbove 8000 m (26 000 ) tended to remain
close to +8kPa (36 mmHg)." Operation Everest I
found s mean arcral PO 4 K (50 i) st s
e eqilent t0 the summic of Ereret (21 o
i) (Tl 172, with an avoat/arell Poy
ence o e s 03 7 (S g o s

Haemoglobin concentration and oxygen affinity. An
increase in haemoglobin concentration was the earliest

‘Ambient pressure (kPa)

(mmHg)
Haemegoin conartrton 9at)
VO, (mlomin', STPD)

101 37
750 23

135 170
170

Bxercise intensity (watts) o 281 o
Ventation (Lmin ' BTPS) 1" 107 23 1575
Vo, (ml i, STPD) 3% 3380 38 1002
Ventiation equivalent. 31 2 10 157
Arerial 7o, (02) 132 120 40 37
(mmHg) 993 900 303 277
Arterial o, (kP3) a5 a7 15 3
(mmHg) s 350 n2 101
Artriajvenous O content difference (mldI” 57 150 6 67
Mixed venous Po; (Pa) a7 26 29 19
(mmHg) 351 197 21 143
Cardiac output (lmin’) 67 272 54 157
Pulmanary arerial pressure (mean, mmHg) 15 3 £ 5
Notes.
[
at
21%, which is equivalent 1o the summit of Everest.
2 swdy 12 Data from

comparibily.
(Data from references 2, 12 and 13)




adsptation 10 ahitude to be demonstrated. Operation
Exerest I reported an increase from 13.5 1o 17g.dI
which, at the resting value of 58% saturation, maintained
mldl"* Plasma erythro-

** Haemoglobin concentrations may also
be influcnced by changes in plasma volume.
haemoglobin concentration to ahove about 18 di” are
probably detrimental because of the increased viscosity
of the bloas

The hacmoglobin dissociation curve ot altitude is af-
and2,3-diphosphoglycerate
178). 2,3-DPG con

fected by changesin both pH

loaing in the lung takes proriy over maintaining POz at
the point of release

Adaptation to altitude'*

Adsptation refers to physiologial and genetic changes
that occur over a periad of years to generations by those
who have taken up permanent residence at high alticude
There are qualitative as well a3 quantcaive differences
between acclimatisation and. adapeation, but cach is
remarkably effective. High alitude residents have a
remarkble sbilty to exercise under srossly hypoxic con-
ditions, but their adaptations show many strking differ-
ences from those in acclimatised lowlanders. Residents
in different high-altitude areas of the world have differ
ent adaprations.
Longterm residence at altitude leads to a educed ven-
tlatory respansc to byposia, the magnitude of which
relstes to the product of aititude level and years of es-
facoce here.* Thi reuls i 3 teduction of vemtlation
compared with an acclimatised lowlander and a risc in
PCo,, though neither of these returns o sea level values
High situde reidets it
s to acclimatised lowlanders in
e ke i et O lower z\\eohr
Poronay, iffine coparty mt
= s e
prations increasing the arca avaiable fo diffusion by
Ui meseraio f gresee nberofsvess sl nso
sted capillris. This sdaptation seems not to be inher-
ited, bue occurs in children and infants who spend their
at alttude. In humans, the development
of alvel: by septation of saccules formed
mosely after birch (page 230) and it is this process that
st b stimled by b

ulatios
Sesmmscaty o i livade ol f
the same degree of adsptation as a native of the area, so

e

explaining the abilty of high ltieude residents (0 exer-

e to 3 much greater degree than their nonresident
visitors.

Recent work hes found that residents of high-sltitude
arcas of the Andes hyperventilate fes than residents at
equivlent aliude in Tibet " This higher ventiation in
Titans may expain theic euced et n
comparison with popultions in the An
sl e L G e e
of pregnancy that e nommally associaved with high-
aliude fe* Human occupation of Tibet is believed
o have begun carlie than in other high-altitude aress of
e B i
could represent  more advanced genetic adaptation to
“be phyaaogially hosile cnvirontent

Polycythsemia is normal and_the ighest levels
(haemoglobin concentrations of 22.9

i
e ln(wmul Gim i i
s that is also important for the trained
st For the byl e, nefond e
fusion appears to effectively for the
el il

Limits for residence and work.” The upper limit for sus-
tained work seems to be 5950m (19 500 ) a¢ the
Aucanquilcha sulphur mine in the Andes, The upper
li o lectve permanent habitocon i lowee and the
Andean miners declined to live in accommodation builc
for them near the mine, preferting to live at 53
(17500 f) and climb every day to their work. Increased
commercial pressure for

sl sty sad Wer has gt the e

img bas led to an increase in

.A!\llmle mdu(:d illness (sec be
e in axygen concentration being cquivalent 1o
So0m (1000 8)of descene™

Chronic mountain sickness (Monge’s disease). A small

eyanosis, high haematocric, finger clubbing, pulmonary
hypercension, right heart filure, dyspnoea and lethargy

Exercise at high altitude™

The summit o Ereret s atsined withou the e of
197

summit end on the simulated ascent in Operation




Everest 11, OF necessity, these observations are largely
confined to very fit subjects.

Capacity for work performed. There is a progressive
decline in the external work that can be performed as
altitude incresses. On Operation Eserest 11, 300-360
swatts was attained at sea level, 240-270 watts at
#40mmH presre [oqualentto 4300 m, 14 000)
iy (Everest summit), very

et e
Gccined in sccord with altude to 1177 mbmin 3t
240mmHg pressure.” Resting cardiac output i
unchanged ot moderate altitude and only slightly
increased at extreme altitude. During exercise, for 2
given power expenditure the increase in cardiac output
at altitude s the same a5 at sea level *

Ventilation equivalent of oxygen consumption. Figure
15.5 shows tha venelaon 33 a function of VO i com-
mstant. The length of the line increases with

are both dramatically increased up to four times the
Sea-Jevelvalue with masimal vensilation approaching

oo B
Grygen cansumption (imin STFO)

reported a body tempersture and presure surted
sy and i at standard tempers

ture and pressure dry (ST!

Fortunately, the density of ir is reduuced in proportion
to the baromeic pressure at altitude. Resistance to tur
bulent flow is decreased and therefore the work of
breathing at a particular minute volume of respiration is
less. Even with this mitigation, the extra ventilation
necded to dlvr the oxygen eurement t sitde
means that the cnergy expenditure upon breathing for
5o oy oF ot & Codbrably ighee i
sea level,

peo,
il st o e (e 179,
Peo falls with alveolsr PCO; but the alveolar/art

driog et sl i
e lower alveolar to pulmanary
i3 it by
s diffuson

Bl o o ik s :\m.m, exer-
cise at altitude and adversely affects oxygenation.”

ALTITUDE ILLNESS*
Acute mountain sickness

eute mounsin sckness (AMS) s charcerisd by
headache,

o s e
oo e e 172) 5
2000m (6600 ),

though cases are
deseribod at lower altitades " Ac 3000m (16000 ),
there are feclings of unseality (often enhanced by the
nesia and dizziness. The unacclima-

occur at_above

e ol pulmonary
oeden;

“The likeihood of developing AMS relaes to altitude
(particularly slecping altitude), the rate of ascent and
the degree of exertion. ountaincer is therefore
affected by altitude in a manner that differs from that
of the aviator because his physical exertion s mucl

R

Figure 17.4

sreater
of

atalitude. The relatonship s faicelly changed at afitude,
because ventition s reported at body temperature
), whereas oxygen consumption s
pored st standard temperature and pressure (4ry). Numbers
i the figure Indicate barometric pressure. , resting points:,
s at U0, from eference 1. (Data rom reference 2)

260

000 m (650 ) per doy from
Sea lewel, decreasing to only 300 m (1000 f0) per day at
very high altitude. Over half of mountaineers develop
AMS shore.4000 7

courists traveling o
SO0 (6300-5700 ) high denlop &
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Figure 17.5 Po, and Aco, changes during
cercise ina single subject (D John West) at
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High-altitude pulmonary oedema (HAPE)

About 14 of climbers develop HAPE' following
acute exposure to alitudes in excess of about 3000

(0l v e e
exercise. It is most commonly seen in the unacclimatised

Subjects who are susceptible t0 HAPE seem t0

s < nd this may in part be
e elesE oF Akt e o S o
aitric oxide (page 102). Compared with subjects who are:
not susceptible to HAPE, susceptible subjects exhaled
Tower of mitric_oxide during ahigh-

=

sesidents following their recurn from low-l
Clincal features include cough, dyspnoea 2nd hypoxia
with clinical and raiological signs of pulmonary oedema.
Untreated, HAPE has a mortaliy rate of almost 50%,

altitude twip” and in another study demonstrated 3
sreater amount of pulmonary vasodiltion when inhaling
NO at hizh altitude.” In addition, pulmonary vasocon-
ki ik aneacheln s ) i igher o

also have

3%, gmm sympathetic responses to hwum Pulmonary
e phophysilogy of HAPE is comples ™ Sub- s on chest Xerays with HAPE are typically patchy,

8 e s iy e b ey o arical o e

sion sec poxia and low iy

(KA ptemire et nEal I ent il e

pulmonary.

Ul s the s e o L g Bave el blood
low whereas in others blood flow is greatly increased.



High capillry flow in some aress is postalited to

endorthlil cel archiecrare il lead

1 event in the pathogencsis of HAPE, it docs

commoniy occur i severe cases and explains why coin-

cidental lung inflamaation from, for example, lower

pirtory tract infictions may exacerbate or even couse
APE,

Other respiratory problems at alitude
Cerebraloedema is slso potentilly lezhsl and s manifest

present in the same patient, but a common actiology has
not been found. Mild, or localised, brain swelling is
thought 10 accur i all people ascending to high sltitudes,
car whether this always represents cerebral

S e b e g

high abtitude
Following return to low alitude, cerebral disturbance
i

pairments, including visusl long-term memory:  Changes
ere more marked in people with 3 vigorous hyposi.
ventilatory perkaps becase of ypocopni-

induced decreasc in cerebral blood flow

Cough” Almost hilf of trekkers in Nepal complain of
) iy b st Coong mormll ek
ops after a few days at altitude and airvay sensitivity to

of

ceduced met

primary problem is an abnormality of respiratory con
rousal occurring 3t the end of a period of apnoe

presumably secondary to hy

adic breathing is relaed t

hypoxic ventilator

alitude residents, who have a much attenuated hypoxic

contribute to the symptor
AMS, and subjcts developing HAPE have lower onyaen
Saturations during slecp.

Therapy for altitude-induced illness

For any severe form of AMS, adminisiation of ovygen
<nd descent 10 a lover altiude are the first essentials.
Without these  simple_interventions, patents with
cerebral ocdema or HAPE will have 3 high moralcy.
Nifedipine is now an esublished treatment for HATE,
nd hen e pepacial prrens HAVE vl
ping in scepuble mdvidwls 1 s an elfcine
g o baiag pulmoncry hypertenion and the
emence of sdmnstion by the ol o g
routes popular choice for mountaineers.
Beopl with it degrecs of AMS do not eed tobe
cemoved from hish alitude. With acclmatisation, most
Symptoms of AMS will esolv but, f cime s imited or
symptoms interfere with. planned activites, acetaso-
lamide may be useful, This carbonic anhydrase inhibitor
(pase 148)interferes it hetransportof carbondivide
out of cells, ausing sn intracellubr acidosis hat includes
she cllsofthe medullay chemarcceptors and so rves
respirstion.” I effec, this acceleraes acclimatistion

number snd severity of apnocss, and thereby allevates
s

FLYING

irritants is increased as 2 result of
love humidity cold air. Deselopment of a cough may,
however, be the first

Only a very small
of high snough altude to induce any of the repirtory
<0far. Howeser, world-

impending HAPE.

wide, st 2 il peole per yar fly in commercial

viduals during the first few nights above about 4000 m

‘may result in considerable additionsl hypoxaeria at high

 this chapter deals with the
i e v

Altitude exposure™
For reasons.of fuel economy and avoidance of weather
systems, commercial aircraft operate at between 9000
and 12,000 m (30-40 000 f1). The passenger cabin must



Boeing 727 593 23 80 5400 1650 170
Boeing 737 st 563 751 8000 2040 152
Boeing 747 614 638 851 4700 1430 174
Bosing 767, 593 623 80 5400 1650 170
Bosing 777 05 &1 842 5000 1520 172
oca 05 &1 842 5000 1520 172
) 535 579 772 7300 220 157
ocio 593 o] 80 5400 1650 170
Airbus A320 572 07 09 6000 1830 165
Concorde: 78 731 975 1000 300 202
Concorde” 738 505 6500 1980 164
pressure at 10 i

Brtish Airways Medical Services, 1998)

therefore be pressurised and a typical design aims for a
cabin presstre cquivalent £o less than 2400 m (8000 f),
often referred to as the ‘cabin alitude’.” Cabin pressure
i minined by indsauing s compresionof cxtene
SEhE Iumlmg cabin air outlow 1o maintain the
red pressure. In practice, 2 a.umnml pressure.
bl Wh{oh Spusadac th bl presrs
e L a e
craf. Differentisl pressure is increased s the aircraft
climbs, and vice versa. Thus cabin pressure changes in
parale] with alitude, but to a much lesser degree than
o external pressrs. Masimaim cabin dffeentil pres

alitude measured on_commercial aircraft is around
m (52007600 f), with newer aircraft
thin older

tending to operate vith higher cabin aliudes ¢
imdels”2 Compresed exers i s buained fom.
the compression cha e engines, so cabin pres-
e iy vary duing flght according fo engine e

altitude will be increased. This occurs partly as a result
of increased cruise alttude, but also because compressed
i supply from the engine will be reduced to faciltate
sceptsble caine perormance t ighes e (e
el v L i it e
e fight e her operating ali-
s il s

ronment 3¢ <his akitude (see Tible 17.3), which was
ated in Concorde by the significantly more pover-
engines from swhich compressed air was dravn. Mil-
ity et iy prolonge
iade o 22 400 (75 500 R), with the cockpit pres
surised to an equivalent alitude of 9000 m (30 000 fo).
Pilots must therefore breathe 100% oxygen by mask to
maintain an inspired POy close to sea level to faciliate
the requircd mental performance. At this altitude, mil-
ity pilots sz ko 3¢ ik of alttude decompression
sickness, which is discussed on page 273,

In ey cabin sl of belove 2400 (£000 )
a minimal physiological challenge

1 Wiy b, eseling oo O o s
flw percent in oxygen saturation. In practice, a study

sl e i i e
(puge 2

Depressursation. Loss of cabin prssre 3 sliude
Sl LN el o
o il e
e e s Sl e
until the aircraft can descend: 100% oxygen
e e e
up t0 an altitude of about 12000 m (40000 1), where

st therefore be grester to sustain a normal cabin envi-

atmospheric PO,



Highalfitude and fiying

Ther
undert

e are sporadic reports of stowaway passengers
aking long-haul flights in the wheel well of

modern sircrafe. ! This environment affords little pro-

protect them against the effects of hypoxia.

Air travelin disease™

arterial POy while simulating flying conditions by using
ahypoxic gas mixture, usually 15% oxygen. This inspired
PO, equates to 3 cabin altitude of 2400 m (8000 f) and
represents the lowest oxygen tension that should be
experienced during a commercial fight (see Table 17.1),

Cabin air quality 4

Aireraft ventilation systems deliver 4-8 L™ of air per
passenger. d\m..g flight, However, compression and tem-

To patients with respiratory disease flying may preseat a
significant problem, particularly if arterial hypoxaeania
already exists at sca level, and carcful preflight assess
ment is required. A variety of preflight clinical evalua-
tions and. investigations have becn recommend:
determine whether an individual patient would require

o
sk fctors (e bl 174, \hm * hyposic challenge

» 1
in energy cerms and.
incorporate cabin air rec
deliveredremain th e bt up (0 0% m
leed rthe tha feah Thi ecralation ofcaim i
T s e 0 ol s e
airbomepathogens between passengers. These fears
seem o recirculated sir passes through a
high-ficiency mmku]alv air mu bl et s the
and st rs traveling on
e with eciralaed st hen 100% Fesh i v
lation sysems found no diffeence inthe lkelbood of
developing a common cold after the fligh

haifrom

o 15 nmded

sircraft often exceeds

Assessment result

Screeing:

Saq 595% Orygen not requred

Sag 92955 and no sk Ouygen not requred
factor'

Saq,92-95% and additional  Hyporic challenge test
risk factor!

Infight oxygen
Hyporic challenge test:

Carbon
the wmny sccpeed Comor: evel of 1000 porm and
would be expected to be

tions observed in ircraft vary between around 7t

1700 ppm*®+* and are highest when the aircraft i occu-
jed but on the ground and lowest while flying at cruise

altitude. Carbon dioxide tself does not cause respiratory

problems at these levels, but is used more as a marker

of the adequacy of ventilation.

Humidity i inyariably lovw in sircraft, with most scudies
finding relative hurmidity to average 14-19% during fight
compared with i of S0% in most other sealevel
environments.* Like carbon dioxide, cabin humidity is
‘maximal shen on the ground and minimal at cruise alti-
tude." The low humidity oceurring in aircraft s respon-

L e
may be helpful
e R
et e
e
et e

e for man, h as imitation of the.
Syes and upper.sirwy ltbough:such symptoms are
unusual with less than 34 hours of exposure.”

Ozone concentration in atmospheric air increases with
sreter e, At alitdes s by Concorde, uside
oo sepeopte 00 p]\b well in excess
of th

of predicted; lung cancer;restrctive lung disease.

594), Foraunatel, sompressin of m.u.ae airat (Ins mlu—

respiratory muscles; ventiator support; cerebrovascular
or ardiacdisease within 6 weeks ofdischarge or an

removes ozone by its conversion to oxygen, and e
orone concensations remain very low. Atmospherc
such lower bela 12 000 m

140000 ) 20 ther s re genealy omafccied &




though ane study did find sgnificant levels in Bocing
747

‘Smoking during fight has now been banned by many air-
ossibly as a result of reduced fresh air
h the threat of legal challenge for
pssive smoking-related iliness. ™ In fact, aircraft ven-

&
H
H
H

ons of i, butlvels

are separated, passive smoking is minimal

Wi the exception o o huidiy there i thercore
idence that the cabin air of sircraft poses any
e ek st T et v
toms repored flloing i tavel st cetinly have
their origins in other activities associate travel,
b e e et o ol sl it

e
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=
F OXY( N DIOXIDE"
KeY poINTS EXCHANGE OF OXYGEN AND GARBONDIOXIDE?
, —— e
e e e i
ey exche dlnciiere e its rate of production divided by the slveolar ventilation
crmmes

.
e
i
:

ive, expansion of gases in
closed body spaces and bubble formation in the.

(page 157). However, both gas volumes must be meas-

ured under the ssme conditions of temperature and

pressure. Alveolar CO; concentration at 10 ATA will be

about one-tenth of sea-level values, i ¢. 0.56% comparcd

with 5.3% at sea level. When these concentrations are

kil by presre o give PO vl e siilr
h

barotrauma and decompression sickness.

ans have sojourned temporariy in high-pressure
nviconments since the introduction of the diving bell.
“The origin of this development is lost in antiquity, but
Alesander the Great was said to have been lowered to
the seabed in s diving bell
The environment of the diver i often, but not invari-
bl squeons Seuraiondvrspend et ther e
in 2 saseous environme
e heeri otk
T vl e muskong Tt oo
sl b i pressrs n s ionmet e
in an squeous environment also have the additionsl
o different ravtaional Frees sppiied to the
imewhich sbucpce the wiochasss o beat i sl
ather systems of the body. Workers in both emiron-
ments share the physiological problems associted with
increased ambient. pressures nd partial pressures of
respired gas
In this ield, as in others, v cannot escape From the
muliplicity of units and some of these are set out in
Tt 181 Nee prcubrly hat atngbers g
mbicnt. pressue. Thus 2 simospheres
abwlm( ATA) el semosphers gouge relative to sea
vel. Throughout this chapter stmospheres of pressure
ele to sbsolute snd not auge

]

Pl e e il
to the environmental pressure, but the PCO, remains
Sl ey i

Effects on the PO are slightly more complicated but

and alveolar oxygen concensrations equals the.
A irad e vest o Thisfc-
tion, like the alveolar CO; concentrati

remain roughly constant and the alveolar POy, t0 3 first
approximation, increases by the same amount as the
inspired PO (Figure 18.1). However, these considera-
tions nl take oo account hedirect ffect of presure
e e e ke P
respiratory mechanics and gas exchange which must
be considered.

Effect on mechanics of breathing®

Tuvo main factors must be considered. Fist, there is the
increased deasity of gases at pressure, although this can
be reduces
gas. The second factor is the pressurt
body, which alters the gravitational effects to which the
cespiratory system is normally exposed



High pressure and dving.

;si?m

. ko,

1
2
3 300
s

50 164
Usual limitfor breathing ir

100 328 " 110
200 656 2 2130
Usual limit for saturation dives

Threshold for high-pressure nervous syndrome

500 1640
1000 320 0 10200
Depth reached by sperm whale.
00 6560 01 2040
250 8200 21

25400

180
094

039
020

00%
0078

amelforation of high-pressure nervous syndrome

Notes
1 Iveol

Gesdansy s cresedin et proportion topresse

Thus air st sospheres has ten times the density of

sl s ) vl
lent gas flow (page 40) and limits the maximal breath-
ing capacity (MBC) that can be achieved. In fact, it is
wsual 1o breathe a helium/oxygen mixture at pressures
of about 6 atmospheres because of nitrogen
narcosis (scc below). Heliur b only onc-seventh the
density of sir and so is casicr to breathe. Furthermore,
Iowver inspired oxygen concentrations are both periss
ble and indeed desimble as the pressure incresses

Thediat 1 bt i e
reasonsble to breathe a mixture of 98% helium and 2%
oxygen. This would mare than double the MBC that the
diver could attain while breathing air at that
Hydrogen has even lower density than helium and has
een used i gas mistures for dives to more than 500
metres decp.

pressure.

T e oot ey i e
density of the respired gases. In open-tube snorkel
i

it is diffcalt to inhale against 3 ‘negative’ pressure
loading of more than ahovt 5 kPa (50 cm,O). This cor-
responds to a mean depth of immersion of only 50 e
and it is therefore virtualy impossble to use a snorkel
tube at adepth of 1 metre. However, the normal length
of a snorkel tbe assures that the
more than awash

‘Negatve' pressure loading is prevented by supplying
s sy o . presed taris o0

s to the
hydrostatic pressure surrounding the diver. This may be
ichieved by providing an excess flow of gas with a pres-

sure-relif valve controlled by the surrounding water
pressure. Such an arrangement was used for the tradi-
tional helmeted diver supplied by an air pump on the
surface. Free-swimming divers carrying their own com:
pressed gas supply rely on inspiratory demand valves,
which ar also balanced by the surrounding water
sz
ese arrangements supply gas that is close o the
ot o s e
i lng loading o e
device in relation to the

exposed to a pressure depend-
o on the depehofthe subjct, ehich s it by the
enaeh of the snorkel tube. This is cquisalent o2 stand-
ing substmospheric pressure applied to the mouth and

268

scomesry of the chest. Minor differences reslt from the
various postures that the diver may assume. Thus, i he
is head-up’ when using a valve ¢ mouthpicce level, the
pressure surrounding the trunk s igher than the sirway
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H I i 5 T
oheres absokr
peesare by el of shout 311 (30 emHOLIf  Mesifement of aricial bood g tcnions presents
he i heat pressure is greater than the  formidable technical difficulties st high pressures

pressure to. e T
position ths corresponds to positive-pressure breathing
i hebeadup o o et prere breat
he latter causes a reduc
mwm() (ERC) of about uy:mum b
st b bt e i)
e s it s

selacively i o s eoh e
additional respiratory. work of moving extracorporeal
o scem o add appreciably to the work of

hing is con-

breathing,

Effect on effi
Dend sl e ot . e e with
greater depth *! Changes are seen at relatively low pres-
one study dead space/tdal volus

ncy of gas exchange

ercise at this pressre, values decreased to

st mesure of the ffincy o oxygeation of
the artcrial blood is the alveolar/arterial POy gradi

only small increases in al\znhrmnnm\ PO, gradient.
Since it is customary to supply deep divers with an
g crygen,somon o o eagt O34T, sl
hypoxaemia is unlikely 10 occur either from hypoventi
Tation or from maldistribution of pulmonary ventilation
A pirhuia iy by Sabjecs M dderly‘ unfit or
abese divers, faced with 3 reduced FRC as described
above, do however display some degree of hypox
furing diving as FRC approaches their closing volume,
causig airvay closure and pulmonary shuting

position a5 regards arterial PCO, is less clear
e e e
diving and divers are known to

unknovn. on,
Eia el el nd a7
Tevelsare described. A 0, levelsduring exercise
kb e kastin Sl s
nge 6.2~
83KPa (46.7-62.2 mmHg) ¢ This is porentially has-
ardous because § kPa is approaching the level at which




there may be some elouding of conscionsness, and that
i potentially dangerous at depth. High gas density ot
depth causing increased work of breathing is believed to
be responsible for the inadequate ventilation during

Oxygen consumption

probebly sbove the threshold for pulmonary oxygen tox-
yif exposure is continued for more than a few hours
(see Chapter 26)

Nitrogen. It is actuly nitrogen that limits the depth to
which air may be breathed. It has three separate unde-
sirable effects.

Fis,nitvogen s speshetc e with
its lipid solubility ca full I anaesth

oo
sumption at pressures up to 66 ATA, whether under
water or dry, is ot Sltzmﬁr:mll) difeens from the
relationship at normal pressure’ shown in Figure 15.1

O consampton i cprssl undersndard con-
ditions of temperature and pressure, dry (STPD, see
Appendi C) and therefore represents an s
tity of oxygen. However, this volume, when express

at the diver’s emvironmental pressure, s inversely
in oxygen consumption of

o s of ot 30 KTA: T sercotc e of

s first detectsble when breathing air at sbout 4
ATA, and there is usually serious impairment of per-
formance at 10 atmospheres.” This effect is known as
nitrogen narcosis or ‘the rapture of the decp’

et B AT i ke pee

n expressed at the pressure to
which the diver is exposed. Similar considerations apply

<0 carbon dioxide output.
“The venilatory requirement for a given oxygen con-
sumption at increased pressure i also not greatly dife
from the normal relationship shown in Figure 15,
provided that the oxygen consumption is expressed a
D and minute volume is expressed at body temper-

the differences are trivial at sea level, they become very
important at high pre

Exercise.’ Oxyzen consumption may reach very high
values during free swimming (see Figure 15.1) and are
of the order of 2-3 Lmin” (STPD) for a swimming
speed of only 2 km i, Maximal oxyzen consumption
(V... during execisc is improved slightly at modest

depth. With deeper dives,
tion in exercise capacity
sure, as a result of respiratory limitation secondary to
bigher gas densiy.

EFFECTS ATTRIBUTABLE TO THE COMPOSITION
OF THE INSPIRED GAS

Air

Oxygen. When bresthing air at a pressare of 6 ATA, the
Soapie P il e about 120 kP (545 manH) and the
alveolar PO: about 120 kPa (900 mmHg). This i below
the threshold for oxygen convalsions of sbout 2 ATA, but

sttute at
properties up to at feast 100 ATA.

The second problem attributable to nitrogen at high
pressures is its density, which causes greatly increased
hindrance to breathing at high pressure (see above).
Helium has only one-seventh of the densiy of nitrogen
e el i for its choice.

The third problem with m:m,e“ is its solubllity
oy s it e c
U ncres A Th R e R

Other inert gases, particularly helium, are less sluble in
bady issues and this i the third reason for the use of
elium at high pressures.

Helium/oxygen mixtures (Heliox)

For the three reasons outlined in the previous section,
el € ches ekt ot e
abave sbout Fo

e concentration of

o
10 provide an inspired PO, of about 0.5 ATA (S0 kPs or
375 mmHe) togive asfety margin n the event of crror
i gas mising and to provide protection aganst hypoven-
silaion or defective gas exchange. This level of PO,
sppeas o be b e threshold o pulmonary osgen

toxicity, even during prolonged saturation div
With an inspircd PO, of 0.5 ATA, the concentratian of
oxyen in the gas mixture s very low at high pressures
). Clearly

monitored as it is charged during com-
pression tnd decompressian.

A special problem of helium is its very high thermal
conductivity, which tends to cause hypothermia unless
the diver's environment is hested. Heat loss from radi-



tion and evaporation remains generally unchanged, but

consective heat loss from the respiratory tract and skin
psis el el o chinbenie be main-

mperstures os high as 30-32°C during satu-
e v el e

Helium/oxygen/nitrogen mixtures (Trimix)
The pressure that can be sttained while breathing
el ygen mistures i cursentlylimited by the bigh
pressure nervous syndrome (HPNS).'” This is a hyper-
contral nervous system which

problem for divers at pressi excess of about
D Sbens: b 8 o aparsic o sbeit, 20
atmaspheres.

\arious treatments can mitigste this effect and so
increase the depth ot which a diver can operate safely:
he

2

. Trimixcontaiing S nitogen s divers o fnc-
ion normally at depths of over 600 metre

‘TYPES OF DIVING ACTIVITY AND THEIR
RESPIRATORY EFFECTS

SRRt B of human diving but, a5
described above, respiratory effects linsit the diver to t
i 50 i oF Vate Wiy s ok 5 g bave

therefore evolved.

Breath-hold d

e
The simplest mechod of diving is by breath holding and
chis is still used for collecting pearls, sponges and food
bed. Alfter breathing air, breath-holding

time is normally limiced to 60-75 seconds and the
changes in alveolar gas tensions are shown in Figure 5.10.
Astonishingly, the depth record is currently 150 metres,
fing 3.5 miniesof submerson. Many remarable
mechanisms interact to make this possi

from the

Lung volume. As pressure increases lung volume
decreases by Boyle's lw (page 436). Thus at 10 ATA, an
initialkung volume of § litres would be reduced to sbout
00 i, el belowe residual olume (RV) and wih the
loss of 5.4 kg of buoyancy. Du point is
reached when the body attsins neutral buayancy and will
sink below that depth.

Atveolar Po, increases with greater depth as the alveolar
e is compressed, providing a doubling of £0; at about

tces deep. More of the alveolas oxygen is therefore
available at depth. Conversely, during sscent, alveolar
PO, deceses, due party o axysen contumption bt
mainly to decressing pressure. There is thus danger of
ol Nk AT e gt e, Llmese when
the alveolar PO falls below the mixedl venous POy, there
blood to alveolar gas and the arterial PO:
above the very low partial pressure that would othervise
i she bl This ey b imporat o
preventing loss of consciousness in the fina

Atveolar Pcos. By a similar mechanism, slveolar PCO, is
greater during o breoth-hold dive than during a simple
breath hold at sea level, At an environmental pressurc of
anly 12 kPa (90 mmHg) gavge, the alveolar PCO: will
be increase mixed venous PCO: and there
will be 3 paradoxical transfer of carbon dioxide from
alveolus to arterial blood. Fortunately there is o imited
quantity of carbon dioxide in the alveolar gas and the

rocess s reversed during late descent and ascent. Durs-
tion of breath hold can be increased by previous hyper-
ventilation, but this carries the danger of syncope from
hypoia before the bresking point is reached. Duration
can be more ssfely increased by preliminary ovygen
breathing, resulting in arecord surface breath hold of 14
minutes.

Adaptations in the diving mammals.® The diving
nammals rely on breath holding for dives and have adap-

cl, candovascular and respiratory adaprations. It seems
likely that the hungs of the Weddell scal collapse com-
pletely at depths betsween 25 and 50 metres, thus pre-
Venting the partial pressur of nitrogen increasing above
dhe el of 32045 (2400 mmile) which s becn
recorded ot depths betsveen 40 and 80 m

iary Mot bt e B e e
a5 reservoir for xysenated blood during dives. I some
diving specics, the spleen represents over 10% of body
mss and contains a much more musculr capsule than
on el il Sl corction i e rb-
ble canse of an increase of hoemoglobin concentration
from 15 t0 25 gl during fong dves* Farthermore,
e il e e the oo ol pe g
body weight retive to humans, ored in
blod o dieis roportinatcy sbout thice times it
of human:




Limited-duration dives
Most dives are of relatively brief duration snd involve
a rapid descent to operating depth, a period spent at
depth, followed by an ascent, the rate of which s gov-

the ascent are governed by the depth attained, the time
ent at depth and the nature of he diluent inert gas

The diving bell. The simplest and oldest technique was
the diving bell Air was trapped on the surface but the
internal water level rose as the air a
depth. Useful ime at depth was generally no more than
20-30 miute. Cude though this technoloy sprcas
it was used to recover most of the guns from the Was
in Stockhelm harbou n 1663 and 1654 om 5 depth
of 34 metres. At a later date, additional air was intro-
duced into the bl under pressure from the surface.

was compressed

The helmeted diver. From abort 1820 untl recent times,
the standard method of diving down to 100 metres has

been by a helmeted diver supplied with air pumped from

ereater mabilicy than the old diving bell and permitted
the exccution of complex tasks.

SCUBA diving.” There was for some years a desire to
move towards frec-swimming divers carrying thelr own
gas supply (SCUBA  self-contained underwater breath-

divers and can work in almost any body position,

isson and tunnel working. Since 1839, tunnel and
bridge foundations have been constructed by pressuris-
in, the work environment 1o exclude water. The worl
environment is maintained at pressure, normaly of less
than 4 ATA, with saff entering and leaving by air locks.
Entey is rapid but exit requires adherence to the ppro-
priste decompression schedsle if the working pressure i
A Workers can be rapidiy transferred
from the working pressurc to atmosphere and then,
within 5 minutes, ansferred 10 o separate chamber
where they are rapidly recompressed to the working
pressure and then follow the decompression sche
“This process, knowen as decanting, has obvions logistic
advantages.

Free submarine escape. It is possible to escape from o

it by it o ks o
100 metres. The submariner first enters an escaps
chamber w m. i then presuried to \qual e exemal
water pressure. He then opens communicating
R he e s e i g e
ascent, the gas i his lungs expands according to Bole's
L It is therefore imperative that he keeps his glottis
and mouth open, allowing gas to escape in a continuous
stream. IF gas is not allowed t0 escape, barotrauma is
almost certain to oceur (see below). enthl
escape, the time spent at pressure s too short for there
o be any danger of decompression sickness. Thorou
erainimg i necessary and all submariners are trained in a
vertical tank of 100 feet depth. The maintenance of
an adequate atmosphere in submarines is described on
pege 277

Saturation dives

‘When prolonged and repeated work is required at great
depths, it is more convenient to hold the divers in a dry
chamber, kept on board a ship or ol rig and held at a
presure coseto the presre of thelintended working
depth. Divers transfer to s smaller chamber at the s
el R
Th v (i T s L B
o change in e, bt remainiog
ambilcal. On return to the
chamber,they can b s t the sufce where they
wait, still at pressure, until they are next required. A
rormal our of daty is thout 3 weeks, the whole of which
s spent at operating pressure, currently up to about 20
atmospheres breathing helium/oxygen mixtures.

During the long period at pressure, tissues are fully
e with e g 2 ok oo
Tonged decompression is then required, which may last
for sexeral days.

RESPIRATORY ASPECTS OF
DECOMPRESSION ILLNESS

Returning to the surface following a dive is @ hazacdous
procedure and can give ise o a variety of complications
variously known as "bends’ ‘chokes’ or caisson i
T s mildest form, subjects have shortfived jont pain,
but more serious presenttions include. pulmonary
barotrauma o neurological defict that can result in
pemanens cisbi. Inth e 19thcenury, befors
decompression illness was undersiood, the

o campl, of the
in bualding the underwater founda-
tions ofthe S¢ Louis Bides i she USA, 119 hd serous
decompression illnes and 14 did."* Nowadays some




form of decompression illness s thought {o affect 1 in
3500-10 000 recreational di

there are two main ways in which iliness arses.

Barotrauma
Barotrssima as a result of change in pressure will affect
a ly space containing gas nd tends to occur
during ascent when the gos expands. The ears and sinuses
the most commonly affected areas, but pulmonary
barotrauma, although rare, is much more dangeros. Pul-
monary barotrauma may occur during rapid ascent in

closed bady

Sraining (sce above) when the subject f
during ascent ' Barotrauma resultsin disruption of the
may enter either the pul-
. from where it
leurs, mediastinum or subcutancous
tissues. Mediastinal or pleural air pockets continue o
expond during ascens, until chest pain or breathing dif-
ficulies occur within a few minutes of surfacing, Air
entering the pulmanary vessels will produce arterial gss
embolism and slmost certainly result in decompression
s

Some divers develop barotrauma during relatively
shallow d.m and efforts have been made to identify
which divers are at risk." {n this case, barotraums i
belcved to esul from expansion of ai trspped i the
periphery of the lung by small airway closure. Subjects
with reduced expiratory flow rates at low lung volume,
including some asthmatics, are therefore at 3 theoreti-
cally greater isk."* There is cusrently only weak evidence
thst this is & practical problem in asthmatic patients
taking part i recreational diving.”

Decompression sickness.
Tissue bubble formation®** accurs when tissues become
h an inert gas, usually nitrogen. As

sehen opening a carbonated drink. The increase in tis:
d the decrease in Px; on ascent
Tisuss pooty perfed

and climination; henc ompr:
vt s oty e tcmes sochon
cartilage, giving rise to the ‘hends’

decreases most slo

Arerlal gas embolism. Venous bubbles ocr commorly
and the fil v the

Respiatory aspects of decompressioniless

lung is extremely effective. Oerload of the fltration
system may result in arterial gas embolism, but this is

jor factor causing the
neurological deficits of decompression sickness and may
e contbuting tolong-term necrologcaldamage in pro-
fessional divers.

Treatment of decompression sickness is best achieved by
ince. Detailed and elaborate tables have been pre-
pared to indicate the safe rate of decompression depen
inon he pesurs and imeof exporre. Adrinstation
of oxygen will reduce the bl and 5o accelerate
the resorption of bubbles in e
severe cases, including all divers with neurological
deficits, urgent recompression in a chamber i required,
followed by sovs decompression with oxygen and other
therapeutic interventions.

Altitude decompression sickness™™*

Flying at high dititude in miliary aircraft exposes the
pilots to significant degees of decom

dlitude of 9000m (30000 ) being cquialent to
approximately 0.3 ATA (see Chapter 16). During sctusl
flghts, symptoms of decompression sickness tend 10
be underreported because these eite pilots may fear
restrictions on their fing activitis. However,

their careers, three-quarters of pilots experience
Iemsand lost 40 of rnee s deslop sympons
i ypolri hamber estng o ol

udes.® Joint. pain s predicuably the mos common
ympiom, an the chokes’ (ubsternal pin, cough and
dysproea) occurs in 1-3% of cases. Breathing ovygen

pression, a cabin

Force. Many pillts who have expericnced decompres-
sion symptoms when flying are known to voluatarily
incresse their oxygen prebreathing time before subse-
quent flights

Fising in the partally pressurise cuin (e 262)of
commercial aireraft shordly after underater diving
increases the risk of decompression sickness. The likeli-
hood of developing symptoms s increased by both
grester depth of the last dive and shorter duration of time
betsveen the dive and flying, an 1
decp and leasing over 24 hours between diving and i
ar= gl cepted s ein n il bt ot

Dives to less

o
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POINTS
Environments in which a closed atmosphere.
suitable for breathing is maintained include
closed-circuit anaesthesia, submarines and space.
vehicles.

and space

some of their expired gas, including the anaesthetic
Provided ovygen is added and carbon diexide
removed, other gases can be circulated round a breath-
5 system many times, providing benefical effects
uch as warm and humid inspired gas. More recently,

i et coptiac Sl

vapour,

Problems of
dioxide concentrations and low levels of inhaled
contaminants are common to all these
environments.

i v sk Gt S

anaesthetic agents, such as xenon, are 5o expensive to

produce that m\r idespread use is 3 practcal prope-
ed

e

matched and airway obstruction during sleep is
uncommon.

For atmospherlc regeneration in long-term

Space misslons of the future, a combination of

physicochemical and biologicalsystemsis

to be need

“The fascination of the human race with exploration has
taken man well beyond the high-alitude and underwa-
ter environments described in Chapeers 17 and 18 Our
sbiny o msinan s nspce the ot sl of env
ronments yet ©

echr

ments share the proble e
pirstion while separated from the Earth’s atmosphere.

CLOSED-SYSTEM ANAESTHESIA

‘This may s reprse the st drumatc exarple of
closed-cnvironment breathing bat i is by far the most
Common. Carefol contolof the corpesiton of respired
gas i the hallmark of inhalational anaesthesia. The anaes-
thetist must maintain cations of oxygen and
carbon dioxide in the patient’s lungs, while controlling
with great precision the dose of inhaled anaesthetic. Tt
was recogniscd well aver 100 years sgo that ansesthesia
conld be prolonged by allowing the patient to rebreathe

ssfe concentr

siton orly are used.

toraly cloied sytem drng spsesthei e tht
il expired gases are recireulated to the patint, with
axygen added only to replace that consumed and anacs-

and the sbsorbent must be discarded after use. Circuit
volume is typically 58 litres

‘Widespread use of closed-circuit snasthesia is imited
by perceived difficulties with mainuining adequate
circuit. concentrations of gases that che patient is
s, such 35 oxyzen and anaestheric agent. Dif-

50, & grester proportion of gas rebreathing. The rate of
change of circult gas concentrations is affected by the
same factors. Howerver, gas-monitoring systems are now
almost universall used with low-flow and closed-circuit
ing. accurate control of circuit gas

mitoring,

ansesthesis, allo
composition.

Accumulation of other gases in closed circuits
Closed-ciruit systems with a constan inflovs and con-
sumption of oxygen will llow the accumultion of other
sases entering the circuit cither with the fresh gas or




from the patient. This affects the patient in two quite

distinct ways. Firs, essentially inert gases such as nitro-
n and argon may accumulate to such nt that
they dilute the oxygen in the system. Second, small con-

centrations of more toxic gases may arise within the
breathing system.

much more_kely
produced when desflurane,
s withb

circuit the
start of anaesthesia. Body stores of dissolved itrogen are
small, but air preseat in the lungs may contain 2-3 lires
of nitrogen, which will be transfered to the circuit in
the first few minutes. IF nitrogen is not intended to

part of the closed-circuit gas mixture, the patient must
de

ased inically to flush the nitrogen
i

Argon i normally present in aie at o concentration of
0.93%, Oxygen concentrators effectively remove nitro-
sen from aif 3nd 50

concenrate argon n similar propor-
of

Shorption, and sgnificant levels have been
he reaction scems to occur only under dry
ondiions once the GOy abworber has been used for»
<hort period, generating water vapour, carbon monoxide
production becomes minimal
Sevoflurane, a relatively nesw volatile anaesthetic agent,
sthesia ta o derfvative

igher temperatures
by use of CO;absorbers that do not
contin sodium or potassiurm hydroxides.* Levels of com-
pound A achieved in low-fow anacsthesia are variable
ded for use in

tions to oxygen, resulting in argon
o 5% 18 § oy of oout- it bt i vok
St e s e it i
levels i the iruit resched 40% e only 80 minutes

closed systens.

Cylinders of and hospital suppll
from liquid oxygen evaporatars contain negligible argon,

the risk of significant accumulation is low. Exen so,
current recommendations to ‘flush’ the closed circuit at
least every 2 hours seem prudent.

Methane is produced in the disal colon by anaesobic
bacteial fermentation and is mostly excreted directly
from the alimentary tract. Some methane is, however,
absorbed ineo the blood, where it has low solubiliy s0
“opidly excreted by the hung, following which it will
sccumdae i the dosed et Ther 3 e v
son between s in methane producion and
therefore, the concentrations scen during close
b Mo oscin ke e s Nty
paticnts rcached over 900 ppm, well below fevels
regarded 33 unaceeptable in other closed environments
(see below)" but suffcent 1o cause inerference with
standard anacsthetic g2 analysers.”

Acetone, ethanol and carbon monoxide all have high
blood solubility, so concentrations in the closed circuit
s remin Iow, but ebrating causes sccumulation
in the blood. Levels achieved are generally

but aceone accumulation may be associsted w i i
operative nausea.” Closed-circuit ansesthesia s not
recommended in patents it incressed excretion of
acetone or alcohol, such a5 in uncontrolled disbetes
melitus, recent alcobol ingeston, o during prolonged
starvation.

Submersibl ships have been used foralmost 100 years,
slmost exclusively for military purposes untl the lasc
few decdes, wen they e become more wide
spread. for undersea exploration and. industril use
Ameapheric prsmr n i he submarie remains approx.
y the same s at surface level during  dive, the
dursio of which s imiked b the matenince of ade-
quate oxygen and carbon dioxide levels for the crev in
the ship,

Diesel powered
Submarines were used extensively during both world
scars and were powered by diesel engines like surfuce-
‘based warships. Clearly, the oxygen requirement of the
enines precluded them from usc during dives and
battery-powered engines were used, thus limit
duration of dives to just 2 few hours. A more. ﬂgmh:’m'

carbon dioxide and 2 multizude of odours and contami-
rants. The need to return to the surface was apparent
wwhen the submariners became short of breath and were

sble 10 light their cigarettes due to low levels of




Nudear powered
Short dive duration severcly limited the use of diescl
powered submarines. The development of nuclear
power allowed submarines (0 generate an ample supply
of heat and clectricity completely independent. of
oxygen supply and so allowed prolonged activity under-
e, Amospherc regencraion vas therfore needd
G rew of
o . 180 and eutinely rermain ssbmerged for many
wecks,

Atmosphere regeneration.** Te plentiful supply of sca
el byl ot he

evaporation and deionisation. Physica, thongh o clec-
rical, separation of the electrolysis electrodes allows the
axygen to be taken dircety from the anode, 50 remor-
ing the necessty to separate it from the hydrogen pro-
et the st oot | e ofvaercon
sk 620 lves of o
et sl s lat e
4

en so, even with less than 100%

exposure (see Table 21.1) or 15 ppm for submarine per-
sonnel exposure.

Physiological effects of prolonged hypercapnia'*
Defnition of a ‘safe’ level of atmospheric CO; over long
periods has concerned submariners for some years. The
respiratory response to inhalation of low concentrations
of GO (<3%) i simir o e s Higher e (pge

§2), but_compensatory acid-base changes seem 1o be
quite different.

Respiratory changes.™™ Atnospheric CO levels of
1% couse an clevation of inspired PCO; of 1kPa
(7.5 mmHg), which results in an average increase in

minute ventilation of 2-3Lmin.*" However, the
d hyperventilation is highly variable between
n reltes 1o theie_cenl

ints o o bl e sl e e

sl PCO; to an aversg
Aftera few dags,the increase in ventilation declines

P concentration
is maintained at 2142%,

FE0. o ncrese e o el the ispied Fc0-
the decine nventtion st shor

Atmosph
ogh

s
throu hie
ith €Oy 10 produce carboutes. When fully m\.ma

m " \nhuu! e e
response. On return to_the

the sbsorber can
Reting with séam, wh the COs s reeased and.can
e vented into the sea. This method mainains the CO:
concentration in submarines at 0.5-1.5%, and although
further reduction s possible, the energy cost of doing so
is prohibitive.

‘Atmospheric contamination during prolonged submarine
patrols is well recognised, many hundreds of substances
entering the atmosphere, originating from both machin-
ery and erew: These substances include volatile hydro-
carbans sich as benzene, oil droplets, carbon monoide,
cadmium and microbial organisms, with varying concen-

sble levels during prolonged p:
Sbimed 172 Sibarains sicondiionsi uaks Wclide
catalytic burners that oxidise carbon monoide, hydro-
sen and other hydrocarbons to CO; and water and char-
cosl absorbers to absorb any remaining contaminants
The health risks from submarine occupation e there-
fore believed to be extremely small¥> To maintzin
erew morale, smoking continues to be permitted in most
St it gt skl [pge 291 2
et e el 8

o o] ik % ok s e nentad
e e aF O ot g et

e

P
s e S
fng withdraval of the GO scmul.

Sachi el Wl o el Fo,
causes a respiratory acidosis, which is norml
e s
arbonate by the kidey (page 331). The :hanm
e e meahing less than 3% CO; sppear to
be too small o stimulate m
ond ot rmain Sty o
this period, CO; is deposited in bone a5 calcium car-
bonate, and urinary and faccal caliium excretion is dras-
sl reduced to ot . Seum ol el
also decrease, sugsesti of extacllur cacum
o the nsrcelar space.” Afier sbout 3 weel

one stores of CO; are saturated, renal excretion of
calcium and hydrogen ions beias to increase and pH
e e e
metabolism have been demonstrated with inspired CO.
concentrations s low as 0.5%

Some other effects of low levels of atmospheric CO;
during space travel are described below (page 279)

spACE®

Space represents the most hostle environment. in
which man has sojourned. At 80 km (0 miles) sbave



the Earth there i insufficient air

to allow aerodynamic

contral of a vehicle and at 200 km (125 miles) there is

negligible. Even under these conditions, there are esti-
mated to be 10° perticles (mainly hydrogen) per cubic
105 on the Earth's srface. Main-

s clallenging and both Amer

fence s based on rel-

chat the raw materials for atmosphere regeners-
tion can be repeatedly supplied from Earch.

Atmosphere composition

A summary of manned space missions and the atmos-
pheres sed is shown in Table 19.1. Spacecraft have an
pheric control and e:
be completely sealed environments. Their designers had
such confidence in the structure that emergency stores
of oxygen were considered unnecessary until Sovuz 11
depressurised on reentry in 1971, tragically killing all
dhree cosmenauts. Amercan Apl
approximately 1 kg of gas per day in space, even with =
Tower atmospheric pressure (see Table 19.1)

The use of & total pressure of 34.5 kP (259 manklg)
in carly US space vehicles required 2 high atmospheric

e e e
during launch was changed fr

oxygen in 36% nitrogen at the same pressure, which st
POx in excess of the normal sea-level
oviet desigas were all based on mai

tain a functionally scceptable flesibilt of the space u
i the vacuum of space, the internal pressure is only
28kPa (212 mmHy). This encails the use of 100%
axygen after careful decompression and denitrogenation
of the astronauc

Oxygen supply

Storage of oxygen and other gases in space presents sig-
nificant problems. The weight of the containers used is
criical during launch, and storge of sigifican quanti-
tes of oxygen reires hgh peesres and thecfore
strong, heavy tanks. Liquid oxygen presents a greatly
improved storage densit, but the behaviour of sored
liquids in weightless conditions is complex.

Chemical generation of oxyzen has been used maioly

ates potassium hydroxide a5 an intermediate and 50 also
absorbs carbon dioxide:

Vostok  1961-65 T 25 10 70 100 Ko, K0,

Mercury 196163 1 16 36 28 100 PressuisedO, LiOH

Gemini  1965-66 2 23 L e LioH

Soyz 1967 23 - 00 760 2 KO,/LioH

Apolo  1968-72 3 59 38 258 100" hmmi o, LiOH

St 197186 5 100 0 760 2 Ko/LioH

Slab 197374 3 61 3 2 7 bawo, Molecular seve

Shule 1981~ 7 7 0 760 2 Gaigo, ol

Mir 1986-01 6 150 00 760 e Molecular seve
e

3 2001~ Varable 4011217 100 760 n s/ Molecular sieve
chemical

3 1 Al

(Data from

references 10,18 and 19)




4KO; + 3H,0+ 2CO; - 2K,C0s +3H;0+ 30;

One kilogram of KO, can release over 200 litres of
osyzen, but the reaction s irreversible and the used
canisters must be discarded. Sodium chlora
release oxygen when simply ignited and were used for
emergency oxygen generation on older submarines and
i most Soviet space missions.

condles

Electrolysis of water, as used in submarines, is an effi-
cient way to produce oxygen in space where solar pancls
provide the electricity supply. In contrast to submarines,

of weight

not produce sufficient oxygen for 2 reasonsbly active
astranaut.

Carbon dioxide removal

ical absorption by lithium hydsoxide has been the
‘mainstay of the US space programme, whereas the Saviet
Reversible

ity e of e T

maintained at less than 0.
significantly lower than that accepted

in submarines.

Molecular sieves sllow C: dsorbed into a chem-

removal by half the processors while the others orc
regencrated

Mistensnce of COy level el 02% o prleged

Atmospheric contamination

Chenicl conamingtionwitinspce vehices s iy
fram within the habitable veicl

the atmosphere by  process called off-gassing. Almost
any non-metallic substance, but particularlyplastic,
Sl i oo el for many

tonchs and sears after marafacture. This is more likely
Sl el i i
space missions. In 2 closed en t these chemicals
may accumulate ditioning units
Gl e e Rbtess ey
required.

Blicrakaio

Long-term space travel
Manned space travel to planets more distant than the
Moon requires expeditions of years” duration with no
e raete e R s

atmosphere. Biologicalsolutions are belcved by
be the only feasible option, and biospheres are discussed
below Physicochemical methods are, however, now real-
st options and are likely to act as valusble back-up
systems in the future

0, reduction reactions convert carbon dioxide back into

axyzen and two main methods are described

in terms of enerey and mnsumublts 2 This fact led to
nderta)

€O on a wide range of physiological
ding

07% semospheric
sysems Th sy vl norml vluneers spen
day

performance.

a meth
and water:
€O, +4H; = CH, +2H.0
Methane can then be converted to solid carbon and
hydrogen gas, which reenters the Ssbatier reactor. The
Bosch reaction produces solid carbon in one stage:
€O, +2H; = 2H0-+s0lid C

el ofwater genertes oygen s hydrogen g

d the latter enters the Bosch or Sabatier reactions and
e e enited = re(ydzd Both reactions o
mately generate solid carbon, whi t be removed
from the reactors periodicall. ot ool




1
N, Hy 0 o,

mmem Propellons  Crewuse Amosphere
buffer orpropalant
Figure 19:1 i resource ulisation on Mars, Using 2 series
of simple physicochemicalprocesses, the amosphere o Mars,
Supplemented by hydrogen transported from Earth, may be
used 10 provice bufer gas and oxygen for the space vericle
atmosphere, methane s propellant or the vehic and viter
foruse by the crew orfor generaion of oxygen. Afte
reference 27)

allowed the development of small, efficient reactors
ased an 2 combination of the two chemicl proceses.
Curent arduare can comert GOy ito oygen

it the cwbon e e be

emptied”

In situ resource utifisation on Mars.” The atmosphere of
Mars is composed of 95.3% CO;, 2.7% Ny, 1.6% Ar,
0.13% Oy and 0.07% CO. For any mission to Mars,thesc
gases could be uscd for atmospheric regeneration as
shown in Figure 19.1. Separation of the gases in

stmosphere will produce a small amount of oxygen and

for the mission, the water used either by the crew or to
provide oxygen for the life support systems, and the
hydrogen could reenter the Sabatier reactor.

MICROGRAVITY2

Al bodics with mass exert gravitational forces on each

other, so zero gravity is theoretically impossible. Once in

space, away from the large mass of Earth or other
planets, gravitational forces become negligible and are

ed to a5 microgravity. Space vehicles In orbit
around the Earch are sill subject to its considerable gray-
itationa forces, bt these are matched almast exactly
the centrfugal force from the high tangential velocity of
the space vehicle."* Occupants of orbiting space vehicles
o oy s & s o of s
mately 10 imes that on Earch's surface.

Chapter § contains numerous references to the effect
of gravity on the topography of the lung and the distri-
bution of perfusion and ventlation. Microgravity may
therefore be predicted t have sgificant efects on res-
piratory function.”

The firststudies of short-term micrograv Lear
je ng in sees of Keplera rce, whichgave 20-73
seconds of weighlesnes. Unforuntey,between cch
period of microgravity the subject is exposed 10 asimilar
Eorvion of s gratations forees (2 G) s the ek
palls out of the free-fall portion of the flight,” and this
may influence the results of physiological studics. Sus-
has been studicd in space. In 1991

Series of investigations on seven subjects
was undertaken in Spacelab SLS-1, which was carried
into orbit by the space shuttle for a 9-day mission.

5

Lung volumes. Chest radiography in the siting position
howed no  striking

Sl cpac (PR T i e 19 i

probably because of loss of postural tone in the abd

d microgravity, subdivisions of hung
volume were again found to be intermediate between
the sitting and supine vohumes at | G, except for resid-
wal volume, which was reduced below that seen in any
position at 1 G (Figure 19.2) 2 The FRC was reduced

750ml compared with preflight standing values
These changes in lung volume are ascribed to altered res-
pizatory mechanics and increased thoracic blood volume.

ropographical inequalit of ventilation and perfusion.™*
Early resuls in the Lear jet, using single-breath nitrogen
(poge 113), indicated a substantial reduction in

of rentlaion s perfision
cted  However, the more:
ecated stadics n Spacelab showed that o surpesing
d;gm;u(lealduulm&qu:htvcfblondl\uw and ventils
* persisted despite the major. improvement. at

i gty Venlaory inealy isboived 0 vl




Sndnglc | Mcogaty | Supee 16

Figurs 192 St ungvlumesdaingsustined micogravy
o standing and

supine values at 16, exceptreicual volume, which s further
reduced. FRC.functionsl esidual capacity: IRV, inspiratory

create small biospheres have mostly been driven by the
prospeet of long-term space travel.* Physicochemical
methods of sustining lifc, as described aboy

many.limitations, whereas a biological system has
numerous advantages. Plants perform the complex COy-
reduction chemistry using chlorophyll and at the some
time, rather
varying amounts of food* Plants also act as cffcient
water purification systems vi transpiration. It has been
ctimated st plas iupie ams of vater

vapour for cach gram of carbon diovide use

from continued airvay closure at low lung volume™™
sy from altered gas mising in peripheral lung

pesipheral ‘radial gradient within each horszontal slice
of lung (page 115), which is complecely overshadowed
at 1G by the large vertical perfusion gradient.™ Early
results from long-term misions in the Mir space station
indicate that the changes in ventilation and perfusion
may be associated with reduced arterial PO

Diffusing capacity. SLS-1 studics have shown progessive
carbon monoxide diffusing capacity, the

mbr mponent and the pulmonary capillary
blood volume.(page 142) al reaching 33% more than
control by the ninth day in orbic ”

Breathing during sleep in space® Sroring and airway

sleep on Earth are common and
imany factors e ivoved nthetr nition (e 249
Reduced activity of pharyngeal s and

abstruction during

ruction. T int contribution of gravity
to sleep-disordered breathing has recently been con-
frmed b stdies of atronauts sleingin the oriting
space shuttle.” Compared with sleeping at 1 G befort
s ey e e
tions in their apnoca-hypopneon index (page 248) and
snoring was virtually eliminated.

BIOSPHERES'”

The firt report of profonged biological stmosphere

laminated with arfcal g O
experiment, oxygen concentration inthe chami
incressed from 21% to 53% and carbon dioxide
trations remained below 0.2%. Subsequent experiments

 bath American and Soviet researchers demonstrated
the feasbiliy of human life support by Chiorelia, cul-
minating in a 30-day closure of  single researcher in a

Sm’ room, maintained by just 30 lices of alga solu-

tion. Algae alone are for long-term. life
re. Their excellent atmospheric_regeneration
propertis result from a very fast rate of growth, but

the Institute of Biophysics in Keasnoarsk, Siberi
Fole e s o iy i G meherss

of this work remain scarce.

1
o bsplre (Bos 3, which proided all s
i needs and over three-quarcers of
s were grown hydro-
ponicll, hat i, without sil with their roots bathed in
carefully controlled mutrient solution. Light was pro-
vided with contintio lighting to maximise:
groweh, to such an extent that, uudzr these conditions,
ated

A biosphere is defincd 1 closed space of two or more
comected ecomsems n cqulbeum it thi e

vt ear.
3 m? of planted area will -m.\w..dm enough oxygen
o b (s gh s S0 5 s e

ronment *'Only ¢ biosphere.

to produce el Bedsof Chirelia




slgac were also used to maximise osygen produiction
and, slong with larger planted areas, resulted in excess
xygen. This was reduced by incineration of the non-
cdible portion of the plants and so enabled the

between axygen and carbon dioxide  concen
i he bophere, Inthis vy lvels of CO i Bios
3 were maintained betsseen 0.03% and 0.
American research into controlled mlog.m life
Support systems (CELSS) besan in 1977 and has focused
on basic plant physiology.” Plant species, light, humid-
ity, nutrients and atmospheric gas concentrations all have
ac h

44

entns fercosure

regeneration is ususlly the easiest problem to overcome,

Figure 193
sl ling)and carbon dioxde (dashed line) during the 2-year

and the plant species
the dietry imake and paychological well-bing of the
CELSS inhabitants.

Biosphere 2

Small-scle biosphere experiments never atained a
otall closed system, particularly with respect to food
supplics and waste disposal. In aditon, biodiversity in
these systems was low, with very fev species of plant,
snimal, e or miciobes comined vichin. Pl
build-up of toxic stmospheric compounds was sinif-
ot Vi e e i el it
l medbods of emol sl t0 howe e in the
closed systems of submarines and space. With th
roblems in mind, an ambitious scries of hm«;‘here
experiments was established in Arizona, USA,
nating in the Biosphere 2 project in 1991

A toully sealed complex, covering 3.15
e st 204 G0 7 o ) o
smcsher epose.built with o stinless sceel

underground lining and. principaly glass cover, To
Boxtbe walls or “ungs), were inchded o minimise

was pu

planned, with the complex containing a wide range of
flora and fauna, including eight humans,

totymhess,cavsing ncressed lvels of O, caton
mamkwusmeﬂwe removed using 3 CO, scrubber s
e et o R oA EDs s e
scrubbers s taken nto account (dotted Ine, it can clealy be

phere. S text fordetals. (D3t from
references 19 and £3)

Known to be high and therefore small increases in CO;
levels were anticipated

Biosphere 2 aimed, whereser possibl, 10 use ecologi-
<l engincering, By the inclusion of large numbers of
speces (3800 in total). it was hoped ot there would
be sufficient flexibilty between systems to respon
el sl e B
diversicy s believed to be extremely imporiant in main-
tining biosphere 1 (Earth) and the mulsiple habitats
were established to facltate this type of diversity in
Biosphere 2
Outcome from the 2-year closure. Concentrations of
oxygen and carbon dioxide in Biosphere 2 were very
unstable (Figure 19.3) and after 16 months, oxygen con-

hud fallen to only 14%. Extensive sympt

B km.nhm was divided into seven

plants npreferencet byroponie
viousy. This was to faciltate ar purification by sail bed
rescios; i which atiospheri i s pmped theough
the soil where bacteialaction provides an adapable and
efficient purification system.” A CO, ‘scrubber’ system

included in Biosphere 2 to control atmospheric CO:
levels, particularly during winter when shorter days
feduce photommehesic iy Al the amount of Or

nsuming biomass relative to atmosphere volume wa

were reported by including sie-
iy redced work capiy which v il o
ool plics roweil Essrod igeen tschra b
dded to the atmasphere. Carbon diovide levels
id increase slightly doring winter months (sce Figure
193) when the CO, was remored by the scrubber
It was never expected that all species introduced
0 Bosphore 2 would i, and exinetion of some
speces was seen s sl rspose 0 sblision
of he ccmysiem, Howerey sfer 21 et
specics wer P2 v i
o o msct,nclcingal ponators. I conrast
ants and cockroaches thriv

months,



Mol etoe T i elosystem was
d and, in conteast to the smaller bios-

g
5

2. Seer KT, Kier WR. Endeinonycobon
imomenid el s i, of poive
cepes oy ol

raion shold be matched by an quialent decrease in 13- Lmbert RIW. Environmencal probems i muclear
O, concentration, 1 biologica reactions between €O, sobmurines. Poc Ray S Med 1972; 65: 795-6,
e v when the G 14 chaeer Kk Effects of ncreasd ambient CO; evels
removed by the recycling system is taken into account, Sl et S 6:

it cam cleary b seenfrom Fgure 19.3that oxygen o

A 15 P b oy g
10 be tuvofold.* First, oxygen depletion occurred due to S o [ s dme Clasd
respiration in the biosphere proceeding faster than V’Dl w“i ﬂm i

% o = e ct 16. bllluu AR, Prisk. GK, Sdmllmnn C, Hoffmann U.
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ical reaction with the concrete from which the biosphere  +17. Drummer C, Friedel V, Borger A, er al. Effects of
complex was bul eevstd corbon dioxide environment on calium

Further large-scale biosphere projects are proposed,” in humans. Aviar Space A

ot we remain some way away rom being able o estab 1998, 69 291-5.
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KEY POINTS

= (mmersion in thermoneutral water activates
protective aitway reflexes and aspiration does.
ot occur untitlung oxygen stores have been
e wdps il Sl e

= lncoldwlber the cold shock reflex:

A ymesan e e i

halation of atge quaniesof water and api,

® Surface cooling of the head and ‘breathing' of
very cold water may cool the brai rapidly in
near-drowning and so protect the victim from
hypoxic brain injury.

In seversl countries, drowning s & major cause of acc
dental death, many victims being children. In the USA
nearly il of the victims of deowning are under 4 years
old," and in most developed countrics drowning is the

 commonest cause of accidental death in chldren,
deots = In aduls, men

by drowning, there are csimated to be between six snd
e cases of ‘near-drovning that are severe cnough t
require hospital admission," and probably hundreds of
other less severe incidents.’ Death from pulmonary
complications ('sccondary drowning’) may occur a con-
siderable time afte the accident, in patients who were
nitislly normal.

The essential feature of drowning is asphyxia, but
many of the physiological responses depend on whether
spiration of water occurs and upon the substances that
are dissolved or suspended in the water. The tempera-
ture of the water is crucially important and hypotherriia
following crowning in very cold water is a major factor

influencing survival, though the mechanism underlying
this abseration remains controversial.

PHYSIOLOGY OF IMMERSION**

The hydrostatic pressure exerted on the body during
immersion can be substantial, As a result there is a huge
incesse i venos et casing incrcsed gy
blow sl ame o, o s s e sards,

a significant diuresis. Cephalad dlsp]zcen\m! of the
diaphragm from raised abdominal pressure coupled with
(i bt ot o e work o Ercath
ing by about 65%. Three reflexes affect the respicatory
system and come into play in drowning, as outlined
Below.

Airway iritant reflexes play 3 major drowning.

of water into the mouth inicially stimulates
Swallowing, fallowed by coughing, glottc closure
larymgospasm. If water penetrates deeper into the respi-
fatory tract, below the vocal folds, bronchospasm
resuls.

Coldshocl describes  combination of sxeral cadiovas-
cular and respiratory reflexes that aceur in response to

Suden woal ods. Tmmersion in cold water? Sudden

immersion in iz belovw 25°C i a potent simulant 10

repiadon s caves 2 il e p ol by

substanal bypeneiaion. Th sl s s
th colder temperaturcs, reaching 2 maximum U

P cnctont sl apocry < sty ooei

ind individals my find themselves breathing almost st

totl lung capacicy, neat

Breath-hold time is severely reduced, often to less than

escape from a confined space underwater or to orientate
themselves before seeking safety.

Diving reflex. In respanse to cold water stimulation of
the face and eyes, the diving reflex produces bradycar-
c in most

ncikil
sammals, o reduce oxygen
long-duration dives. The relle is present in humans,®




b Stie Bl
s belcved to be mre signifcant n infans than
o

PHYSIOLOGICAL MECHANISMS OF DROWNING

Glotic closure from inhsled water, pulmonary aspira-
tion, cold shock and the diving response al influence the
course of events following submersion in water; the

ative importance depends, among many other
factors, on the age of the victim and the temperature of
the water. Conflicting influences on the heart from acti-
vation of both the parasympathetic (diving refiex) and

mpathetic (cold shock) systems are belie
.mmnm to death from cardioe dysrhythmia in some.
ictim

of cach

Drowning without aspiration of water
This accurs in less than 10% of drowning victims.’ In
thermneatral water, when cold-stimulated reflexcs will
is firmy closed during submer

d the oxyen consumption

ration s unlikely to exceed 1 litre and an oxyger

cither swimming or strugeling Loss of consc
from decreased alvcolar PO usually occurs very
denly and without warning

In cold water, hypoxia secondary to glttic closu
may stll occur. In additon, the cold shock and divin
reflexes both leave the victim valnerzble to cardiovascu-
tar complications such as arrhythmias and sudden circu-
Latory failure, leading to death before sspiration can
occur. This is likely to be more common in elderly
individuals

Drowning with aspiration of water

Almest 90% of deowning vitims have asprated signf-

both circumstances aspiration i lkely to continue. Once
aspiration accurs, reflex bronchospasm quickly follows,
further worscning respiratory function.

Fresh water. Aspiation of fresh water urcher down the
bronchial tree causes rapid and profound changes to the
alvcolar surfactant, leading to loss of the normal elastic
properties of the aiveoli and a discurbed ventilation/per-
fusion rati. In fresh-water drowning, alveolar water is
quickly absorbed, resultng in alveolar collapse and 2
pulmonary shunt, this being in addition to the changes
resulting from dilution of surfactant. A significant shunt
4 = ith cesulting hypoxia.
curogenicpulmonary
il e e ot e e
olar flooding from aspirated water” The pulmonary
changes caused by immersion appear o be quickly
ith good prospects of retrn to normal pul-
monary function in those who survive neardrovwning ”

A substantial volume of water may be sbsorbed from
the lungs an profund hypontremi exdin (o fs
has been described i infants drowned in fresh water.
However, most human vietims absorb Lty quan-
titcs of water and redistribution rapidly corrects the
blood volume. Hypavolaemia is the more. common
problem following ncar-drowning !

Sea water. Sea water is hypertonic, having more than
chree times the osmolarity of blood. Consequently,
sea water in the lungs is not initally absorbed and, on
the contrary, draws fluid from the circulation into the
alveol. Thus, in laboratory animals that have aspirated
sea water, it s possible t0 recover from the lungs 50%
the original volume that was inhaled.!! This
clearly maintaias the proportion of flooded alveli and
results in a persistent shunt with reduction in arterial

more than,

Other material contaminating the lungs

It is not unusual for a drowning person to swallow large

complication of near-drovning in shallow rivers. and
lakes.

Postmortem tests of drowning
There sppeas 10 b o concsie s o spstion of
cither fresh or sca water. Tests based on differences in
specific wm and chloride content of plasma from the
right and lef chambers of the heart are unreliable. The
demonstration of diatoms in bone marrovw tisue s also
controversial. Recent work has shown the accuracy of
the diatom test to be greatly improved if the species,
morphology and mumber of diatoms found at post-



ortem are compared with those in o simple of the
watr n which the vitim alegely drowned.

THE ROLE OF HYPOTHERMIA*
ome desree of hypothermia is usual in near-drovned
victims and body temperature is usually in the range

33-35°C.  Hypothermia-induced reduction in cerchral
metabolism s procective during hypoxia and s believed.
to contribute to the aumerous reports of survival after
prolanged_immersion in cold water, particularly in
children. There have been reports of survival of near-
dronened chilldren and aduts trappec for periods as long
a5 80 minutes beneath ice.” However, for the reasons

stiction and shivering, limit
the decline in temperacure. Even so, the greater

surface area of children relative to their body size will
theoretically result in more rapid cooling by heat con-
duction from the body surface* Absorption of cold
water from either the lungs o the stomach wil con-

tion, as for example by a helicopter winck. This is prob-
ably due to the loss of water pressure resulting in rels-
tive redistribution of blood volume into the legs. It is
pow recommended that vietims are removed from the

resuscitation be under
assessed in hospital, no matcer how hopeless the outlook
may apper.

Early trentment of near-drowning is cruciol and this
requires efficient instruction in th
who may be available in locations where droy
likely to oceur. The normal prioritics
artiicial ventilstion an
abserved. Out of hospital, mouth-to-mouth ventilation
s the method of choice, but bigh inflation pressures are
ssully e e thest b boco flaoding of the
hungs. Atterpts to drain water from the lungs by pos-
tural drainage or an sbdominal thrust (the Heimlich
‘manoeure) are generally unsuccessfal. These
e iy i e reugtition of stomach contents
ly the institution of

buc
quansicatively the volumes required are unlikely o be
absorbed, particularly in sea water. Heat loss from the
the respiratary tract,
widous sborpion occurin, s anther possble exle
nation. Recent animal studies have show
ot o o e e arol sy hmm
temperacure by several degrees within 2 few minut
i il
bral oxygen requiement. Finall, sepeated aspiration of
dircetly cool deep arcas of the brain

good. Consciousness s lost at around 32°C, making
furierspiaionslmostinevitable and vertriclr -
rilltion or asystole commonly occur at temperature
oG gttt i s oo
cool further before arrval at hospital

PRINCIPLES OF THERAPY FOR NEAR-DROWNING

There is & high measure of sgreement on general princi-
ples of treatment *71*

Immediate treatment
Circulatory falure and loss of consciousness may occr
wwhen a patient i hfted from the water in a vertical posi-

amfmal el ache it showld be per-
formed as soan as possible to protect the airway from
ﬁp,mm Oxyeen is

should be continued until hospital is reached. Most sur-

hospital, particularly Jf the state of consciousness is
Confusd by hypothermin

Hospital treatment

Onareival at h

spital, patients should b triaged into the
following categories:

L. awake
2. impaired consciousness (but responsive)

3. comatse.

There should be better than 90% survival in the frst two
categories, but_ patients should still be admitted for
observation and followed up afzer discharge. Late dete-
rorstion of pulmonary function may occur and is known
as ‘seconds

ung injury (set
ot B g
witkin 4 hours of the aspiration."
comatose or hypoic will require admission to o critical
core unit. Treatment follows the general principles for




hypoxic cerebral damage and aspiration lung in)

logical impairment, artificial ventilation is required (see
Chapeer 32).
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KEY POINTS
= Almost.a third of the UK population smoke.
tabacco, most taking up the habit in their

teenage years.

‘Smoking involves the regular inhalation of a

variety of toxic compounds that stimulate airway

initant receptors and activate inflammatory

sy i g,

= The effects of passive smoking begn in:

When i devsiment s Impated; Eh
o et e b B ey o= e
it fow

# Air polltion o

However, firm e
dence tosupport s st conclusion was delayed by some
350 years. Only relatively recently did it become clear

brain and dangerous to the lungs'

o higher mortality and that the causes
ded many

that smokers had a

s generlly declined
consequences emerged, though in the UK the propor-
tion of the adult population who smoke has been static
since 1992 at 27%. Unfortunately, the proportion of
roung smokers has also remained constant, with cur-
rently 23% of 15-year-olds regularly smoking more than
one cigarette a weel

occur either indoors or outside and is associated
with a variety of respiratory symptoms.

The air we breathe i arely  simple mixture of oxygen,
atervapour. For much of the world's pop-
collection of

TOBACCO SMOKE

In the Americas tobscco was used for medicinal pur-

Theough his acquaintance with Queen Elizabeth I, Sir
Walter Raleigh made smoking tobacco an essential fash-
fonable activity of every gentleman. Thereafier the prac-
tice steadily increased in popularity untl the explosive
srowth of the habit following the Frst World War
(19141918)

Thre v vays been those opposed o moking and
King James 1 (1603-1625) described it ust
e et e e

c

Mare han 2000 poenily s constitens hve
been idenifed i tobocco smoke,some inthe g
phas . ohers I the particulte o tar phase.
particulate phase i defined as the fraction R
pasing sk oo Cambridge e of pore s
n. This is no to be confused with the “fler up

it llows he pesge of consersble eniis of
particulate matter

There is great variation in the yields of the differeat
consiumnis bevwesn et brods amd e
types of cigarette. This is achieved by using leaves of
et s of it By vorng o contines of
curing and cultvation and by using Flr tips. Vemilated
filters hare 3 ing of small holes in the paper betuween
the fiker tip and the tobaceo. These holes admit air
g uffnd it ol contitent of the smoke

By these means, it is possible to have wide sariations in
e diferens emsinsents of ke, which do no besr
 fved relationship o one another

The gaseaus phase. Carbon monoide is present in ciga-
rette smoke at a yield of becween 15 and 25 mg (12 and
20 ml) per cigaretze. The concentration issuing rom the
butt of the cigarette during o puff s in the range 1-
which i fur inta the oxic range. A beter indication of
the extent of carbon monoxide exposure s the percent-
age of carboxyhaemaglobin in blood. For non-smokers,




the value is normally less than 1.5% but is influenced by
0 air pollution and other people’s cigarette
jcal values for smokers range
from 216 to 12%. The value is influcnced by the number
of cigarettes smoked, the type of cigarette and the
pattern of smoke inbalstion.
“Tobacco smoke also contains very high concentrations
(about 400 parts per milion) of the potential free radical

compounds i wel Known. Nivogen dioxde hdrates
in aivcolar lning i to form = misture of niteous and
nitric acids. In adition, the itete fon converss haemo-
Slobin to methaemoglobin.

SOl B S oy

n, aldehydes, ketones, nitrosamines.

i e e R

The particulate phase. The material removed by a
Combridge fler is kaown s the ‘totl purticle

highiy varisble and the number and type of cigarettes
smoked are not the sole determinants of effective expo-
sur. Thereis god evidencetht th habiusted smoker
sdjusts s smoking patcen 10

 For mm.,xr, after changing o
Shmd e Seincyi(h « oo e
e o ikt

intoin a_particular

i dify
Ricaine absorption.

Respiratory effects of smoking
Cigarette smoking has extensive effects on respiratory
function and is clealy implicated in the actiology of
number of respiratory diseases, particularly chronic
obstrctive pulmorary discase and bronchial carcinoma

Airway mucosa? Airway reflexes are more sensitive in
smokers when measured using either mechanical stimu-
lation or inhalation of small concentrations of ammonia
* This increased sensitivity almost cercainly
contributes to the ‘smoker’s cough’ and is believed to
ers. Sen

matter’, y
The il phabe comprist it mocne. 1
‘o, Nicotine ranges from 0.05 10 2.5 mg pes ciarete
and tar’ from 0.5 t0 35 me per cigaette.

Individual smoke exposure
kil ek cxpom e 6 el St e
vty of cipaetes that s smoked and the ptien

of inbala

The quantity of cigarettes smoked. Exposure is ususlly
quantified in ‘pack-years” This equals the product of the
number of packs (20 cigarettes) smoked per day, multi
plied by the number of years that that pattern was main-
taincd. The totals for each period are then summated for
the lifetime of the subject

The pattern of inhalation. There sre very wide variations
n patterns of smoking. Air is normally drawn through
jarette ina sesies of ‘puffs’ with a volume of about
2550 ml per puft. The puff may be simply drawn into
he mouth and rapidly expelled without appreciable
inhalation. However, the habituated smoker will ither
inhale the puff directly into the lungs or, m

% oblerarng e s sgace o the mouth. Th e
tion is often especially deep, to flush ino the lung any
smoke remaining in the dead space

T will be clear that the quantity of micotine, tar and
carbon monoxide abainable from a single cigaretre is

sicivity taes several days to resolve following smoking
sbstinence. The concentration of inhaledhistamine
required to reduce specific airway conductance by 35%
55 A e e R A required. in
ey Fancton i iibted by both particlae and
s phase compounds in vitro, but in vivo studies have
Shown contradictory reuls with some sudiesshowing
increased cilary activity in response to cigarette smoke
Mucus production is increased in chronic smokers,
who haw hyperplsia of submucoal lands and
increased numbers of goblet cells even when asympto-
matc. n sit of the nconsiten fdings \'egrdn\g

B Eopare  ackm ke soupled it e
mucus production and sirway sensiivity, gives rise to th
i e

airway damage from long-term airway inflammation.

Airway diameter. Airway diameter is acutely reduced
‘with smoking 35 & result of eflex bronchocons

response to inhaled partcles and the increased mucus
production. already describe

strction in.

turbed ventilation/perfusion relationships. Distribution
oF inspired gas as indicated by the single-breath itrogen



e,

Ao e
Figure 21.1 Schematic disgram shawing the effects o smoking
o rornallideng dinges o e fored ety vlanein
one second (FEV.).fa) Normal changes. (b) Smoking beins at
% et 9 ki i 45 e e S
for detats

tost (page 113) is therefore often abnormal in smokers.
Srall airway narrowing over many years gives rise 10
progressive reduction in the forced expirstory volume in
(FEV,) described below. Many of these

b produces

st
entilly noious substances then m:

from 2 smouldering cigorete
quantitiesof potent

stream’ smoke produced when a cigarette burns in 3
stream of air drawn through t during a puff. On average,
sidestresm’ smoke is generated during 38 seconds in
each minute of cigarette smoking and this is not included
in the measured vield of a cigarette.

Evidence for adverse health effects of passive smoking
s now convincing: adult passive smokers are more likely
to develop lung cancer and coronary heart disease.

sreater

Hemma o Infants swhose mothers smoke during
cy have low bisthuweigh, are more lkely to

e e i ks
death syndrome (page 235). Up to 2 years oFage, nfants
with smoking parents are more prone to lower respira-
tory tract llnesses and episodes of wheering, and when
older they have reduced lung volumes, higher carboxy-
haemoglobin I
ing asthrma,
passive smoking in wiero or from postnatal exposure to
tobacco smoke in the home, but evidence for an in wiera
contribution s mounting ¢ Studies  have
reduced expiratory flow rates’

d Tower airway function in neonates even before

changes are at
respiratory symptoms.

Ventilatory capacity.* FEV' normally reaches a peak in
carly adulthood, remains constant for some years and
then declines sceadily as the subject grows older (Figure
2L.1), Longudia todies of FEY, i smolers rvel o
very different picture, illustrated in Figure 2

ing in early adulthood A

g

more rapid. decline begins. Smoking

shorter, bel
cessation is followed by a small improvement in FEV,,

followed by 3 return to the normal rate of decline, but
rarely demonstrates a return o non-smoker values.
Eventually, this decline in fung function results in fung
pathology, with one in cvery fve smokers developing
chronic obstructive pulmonary discase.

Passive smoking

The non-smoker s exposed toall constituents of smoke

they leave hospital, when their exposure to atmospheric
cigarette smoke begins. The same finding in neonates
bor on average 7 weeks before their expected datc'®
idicesthat matenal smoking adverly offectslng
development at  erucial stage when terminal ai
=l bl e (nge 20 e Ly
B el s passive-smoking
infancs is e
& i G

vith the normal infective or alle
infancy.” After a fese years of normal
increases suffciently e symptoms and the
child ‘grows out” of their susceptibilty to respiratory
illness, though their humg function remains warse than in
children who did ot have Iower airways discase in early

Smoking and perioperative complications™

The increased sensicivity of the airway ta inhaled irri-
tants seen in smokers causes

whenheis in posure
varies with many factos, including size and ventilation
people smoking and absorption

& furnishings and clothing.

mended environ-
low). It has been estimated
d to quantities of ‘tar’

Sidestream’ smoke

that non-smokers are
bebtnzE W e st

Spasmon induction of gencral anaesthesia, even in
passive smokers."™* These complications arc not neces-
sarly associated with decreases in oxygen saturation,
though episodes of desaturation in the recovery period
may be more common in smokers or even in passively
smoking chil noting once again that
el e ke il et

hacmoglobin as if it were oxyhaemoglobin (page 195)

ren It is worth




and so will consistently overestimate oxygen saturation
in recent smokers.
There is ample evidence that smokers have an
increased incidence of postoperative respiratory com-
plications, which are between two and six times more
common in smokers, depending on the defntions used
and the type of surgery undertaken = This i attsibut-
able both to increased secretion and impaired clearance
st all

aticnts having major surgery; usually
evascularsation or upper sbdominal
surgery. The high incidence of sespirtory complications
in this group makes them an ideal study population, but
there remains e nformation egarding he respirory
or surgery
Nicotne,
Tkt e it ol
a ol of nly 30 minutes, whereas cor

sreater complication rate than if the patient had contin-
tied to smoke until  few hours before the operation.

MECHANISMS OF SMOKING-RELATED
LUNG DAMAGE

Many

tract. Bronchoalvcolar lovage in humans has shown
that smokers have larger numbers of intraslseolar
macrophages and alo sinifcant nurmbers of neutrophils

<hat are not normally present in non-smokers.” It is the
particulate component ol at i responsible for
the recruitment and zctivation of neutzophils in the

alveoli, This suggests that the interaction of particulate
matcer and eleases  neutraphil

production in response to minor infective challenge in
smokers.
Evidence of in vivo oxidtive stress in smokers’ fungs

Compared with
reduced levels of vitamin E in alveolar flui
plasma concentrations of vitamin C and gre:
Soperoxide dismutase sod catalse activity in thveolar
‘macrophages

Carcinogenesis™

Smoking concbues o the development of cancr n
eract clearly recs

i

carbons, in particular polynuclear aromatic
hydrocarbans (PAH), are carcinogenic, wheress others
such as sromatic phenols (shenol, indole and catechol)
are cocarcinogens and temour promoters, without which
she carcinagenic componnds are elively

direcs ant s et fccion S engs Tcre re
three other mechanisms by which lung damage occurs.

Oxidati

s
There s compeling evidence for believing that oxidative
iy, including peroxidation of membrane lipids, is an
important component of the pulmonary damage caused
by cigrette smoke
Direct oxidative damage. The ta phasc contains quinone.,
the semiquinone free radical and hydsogquinane n a poly-
e phioe ol
o in che by, to
hence the highly
damaging hydroxyl free radical (see l'xgure 263)

Cell-mediated oxidative damage. This results from
smoking-induced activation of, or enhancement. of,
ncutsophil and macrophage activity in the respiratory
292

sisenietand koo et
sre slso careinogenic and, because of their case of absor
ot e Tl e s oo

tion of Bcarotenc and a reduction in dietary fat.”

Immunological activation®

elesated serum IgE levels compared 1o
ron-smokers, the cause of which s uncertain but may
be twofold. Direct toxicity and ovidat damage
cesult in greater airway mucosal cell permeabilisy, allow-



ing better access for allrgens to underlying immunolog.
il cive el Smking o nreesthe iy of

Alternatively, when exposed to sunlight in the lower

some pro-
R e

Iating I£E production
These abscrvations thus raise the possibilty that an
“allersic” mechanism is responsible for smolking-related.
chanes i o fncion, uch 35 sl sy -
5. An association betsveen 5E levels and impaired lung

Fikrion & well Sblihed i St b hs s e
consistently seen in non-asthmatic smokers except in

atmosphere both NO and NO react with oxygen t
o ©)#

fons have an enormous influence
pollutants

tetearological conditions
on i polluion. I condions ofstrong vin,
are quickly dispersed; in cloudy weather the develop-
e e
pollution in urban areas is exacerbated by clear, calm
seeather, when ‘temperature inversion’ can occur. On a
clear nigh, heat is ost from the ground to the atmos-

possible that smoking sensitises the airway to ‘new” aller-
ens and that this contributes to the development of
chronic airways disease seen in some smokers.

AIR POLLUTION>!

Fosil fels have formed the major source of encray for

spite of these cantrols, increased.

remains ¢ problem. Production.
S
effects on the atmosphere are discussed in Chapter 1

Sources of pollutants

primary pollutants are substances that are relessed into
the atmosphere dircetly from the polluting source and
are mostly derived from the combustion of fossl fuels.
Petrol engines that ignite the fuel in an oxygen-restricted
environment _produce. varying_ g bon
monoxide, nitrogen oxides and
benzene and polycycl

these pollutants are recdiced by the use of » caulytic
conserter. In contrast, diesel engines burn fuel with an
excess of oxyeen and so produce little carbon monoxide
but more nitrogen oxides and particulate matter, Burning
ofonlwl il I o i v e 5 ot
generation and the pollutants prodced depend on the
G o sl sl i ot of et Expeited o
“cleaning However, particulates and
nitrogen osides are invariably produced and this remains
the major source of sulphur diovide.

the emissions.

heated by the sun's radiation and warms the.
lifts 2 blanket of coal air to approximatel
high. Because in sill conditions mixing of air masses is
slow to occur, the relatively cold ai sits on tap of the
warm aisbelorw. In the meantime, the morming rush hour
produces large amounts of pollutans that are unabie to
disperse and become trapped near the ground (Figure
1.2h).

Figure 21.2 Temperature inversion prodiucing poluton in the

chemical changes to primary pollutants. Nitric oxide
produced from vehicle engines is quickly converted to
nitrogen i et So may react with ozone,
ceducing the atmospheric concentration of the latter.

mrning, with strong sun and sl conitions, the ground heats
b el s Wl ok A
reveningflecte a mbing and tappig vehcr pluion
e



Ozone
Particulates

150ugm”

Sulphur dioxide. 175 ppb 45ppb

Nitrogen dioside 110 pob 80ppb.
noxide  25-87 ppm 10ppm.

USAZ pm, parts per millon; ppb, parts per bllion.

Respiratory effects of pollutants®**

Recommended maximum levels of common pollutants
re shown in Table 21.1. The extent to which these levels

are achieved varies greatly between different countries

and from year to year. Almost 20 million residents of the
Us;

el greater than the natonll
P e e o
problem.

Carbon monoxide. CO is found in the blood of patients,

winly a5 a result of smok
pollution. The amount of carboxyhaemoglobin formed
\when breathing ar pollted with CO will depend on the
subject’s minute volume. One study reported carboxy-
hicmoglobin levels of 0.4-9.7% in London taxi c

but the highest level in » non-smoking driver was 3%,
Recommended lovels show in Table 21.1 are calculated
o el

han
i R e s
kel <o occur durin severe outdoor plluion episodes,

thoush indoor pollution with CO may be more common
(see below)

Nitrogen dioxide is mainly a primary pollutant, but 3

small amoint is produced from nitric oxide. Tn the UK,

about half of atmospheric NO; is

Indoor levels of NO; commonly e
A e o NOW e ireee

described in the next section.

Ozone is a secondary pollutant formed by the action of
sunlight an nitrogen oxides and therefore the highest
Tevels tend o occur in rural areas dowmwind from cities
and roads. Inall areas, the dependence on sunlight means

e levels slowly incresse throughout the das,
reaching peak levels skortly after the evening rush hour.

Osone i toxic o the respiraory tract,with effects being
dependen on o concention i dton o xp
. Exposare to concentracions of 80100 ppb for just
v hours commonly causes theoat itation, chest dis-
mmrm <nd cough, reslting from both direct stimuls-
f eritant receptors in the airway and activation
oF aTlammatory” oty Brnchoxensicion mey
occur accompanicd by 2 dectesse in FI
Coraa B Mok e Ay, xpteite
(200 ppb), sehich s common in suscepuible aress, causes
5 gradual reduction i the response.* There is aso
sarisbility between md\mduah in their_spirometric
resporse o ozone, with appro 10% of subjects
Sl response
party a esule of differing genctic suscepubiiies. It

z00d evidence that high atmospheric osone concentra-

tions arc associated with increased hospital attendance

and admission rates for respiratoryproblems, Ocone.

sherefore seems to prsent o esinory chllenge o

some subjects, with or without st at modest
atmospheric levels”

Sulphur dioxide. Declining use of coal has substantially
Iphur dioxide in recent

hmatic patients may dew\op broncho-
consicton a between 100 and 50

Particulate matter consists of 2 mixaure of soat, liguid
droplets, recondensed. metallic vapours and. organic
debris. Only particles of less than 10 m diameter are
consdred a0 b bl o che g (e 19),

5o particulate pollution is measured as the concentration
oF paice ok than this dlmeter, own a6 P, The



disparate natwre of particulate pollution reflcts its
very varied origins, but in the urhan environment dicsel
e h e A e
i oo S 51 i s o el
eductions in lung volumes such as s, however,
e e R
that have been the focus of much research. Even wher
smoking habits are tsken into sccount, particulaze pol-
Hution is associated with an increased isk of death fr
lung cancer or other cardiopulmonary _diseases
Particulate pollution has widespread proinflammatory
effects on lung epithelial cell and alcolar macrophoges,
casing nflammtony esponses both ol n e g
and in distant sites where activaion of clocing pathvesys
death from

e cinduced.increases
cordiovascular discase.”

Indoor air pollution’®”
Encray-cficent homes have become the nor in recent
years, with effective heating systems and extensive insu-

indoors, s0 indoor air pollution may have a considerable
health. The respiratory_effects of
201).

Indoor air quality generally refects that of the outdoor

except that ozane levels are imariably low indoors
owing to the rapid reaction of ozone with the synthetic
‘materials that make up much of the indoor emviramment..
In addition to poliutants from outside, there are three
specific indoor pollutants.

Allergens. Warm moist air, poor ventilation and exten-
sive floor coverings provide ideal conditions for house
dust mite infestation and the reteation of numerous
ather allergens. This s beliesed to contribute to the
recent upsurge in the prevalence of atopic diseases such
s asthma and is discussed in Chapter 25,

Carbon monoxide:® Nialfurctions of heating equipment
inthe home may release CO into the indoor environment.
Actite CO poisaning fram this cause is common, but the

symptoms are all features of long-term CO poisaning,

though these symptoms are believed to be completely
ho

levels, appear to be resistant to these symptoms,

Nitrogen dioside. Gas-fired cookers, stoses and boilers
il prodiuce NO, the amount being dependent on the

arrangements for waste gas exclusion ! In this respect,

505 caokers are the worst culprits as tey are rarcly 3550
ciaed with chimneys and flues and normally discharge
n tmosphere.

00 ppb,

which is well in excess of outdoar pollution targes (sec
Tible 21.1). Mild airway iritant effects are seen atfevels

bl uncommon
scem to be clinically sgnificant. Epidemiological studies
have found associtions between the use of gas cookers
and educed FEV), or indoor NO: concentrations and
increased symptoms in subjects with asthms
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Chapter

2 2 Anae: tlx‘resia,

KEY POINTS

= Allanaesthetic drugs reduce resting ventilation
\d impair the ventilatory response to both

hypercapnia and hypoxa.

Upper airway muscle function is inhibited by

anaesthesia, leading to aitway obstruction,

usually at the level of the soft palate.

Functional residual capacity s reduced withina

few minutes of induction of anaesthesia as a

result ofaltered respiratory muscle activity

causing changes to the shape and volume of the

thoracic cavit

Most patints develop smal areas S

should_not be suffcientrsistance 1o  breaching to
LB s ek i coes Vi e e
e e il i e A o eastony
obstruction
At lower concentrations of inhaled amacstherics,
inate volume may remain unchanged, but smallertidal
volumes with higher respiratory frequency often occur,
resulting in reduced alveolae ventltion and an increase
fih higher concentrations of amaesthetic,
breathing becomes slower and_ spontancous minute
volume may decrease to very low levels, pacicularly in
the absence of sursical stimulation. This will inevitably
result.in hypercapnia and end-expiratory PCO; com-
monly ries to 10kPa (75 mmbs). Clearly there is no

in P

g

requires high lung inflation Dvasuresv
= Oxygenation is impaired by these changes, with
ider scatter of ventilation/perfusion ratios
along with increased alveolar dead space and.
pulmonary shunt.

Only 12 years afer the first successful public demon-
stration of gencral ansesthesiz in 1846, John Snow
reported the pronounced changes that occur in respira-
tion during the inhalation of chloroform.” Subsequent
bservations have confirmed that anaesthesia has pro-
ind effects on the respiratory system. However, these
effects are diverse and highly specific, some aspects of
respiratory function being profoundly modified whereas
others are scarcely affected at ol

CONTROL OF BREATHING?
Unstimulated ventilation

It has long been known that anaesthesia may diminish
pulmonary ventilation and hypercapnia is commonplace
if spontancous breathing is preserved. Reduced minute
volume is due partly 02 redtuction in metabolic demand
bust mainly 1o interference with the chemical conteol of
breathing, in particulr a reduced sensitivity to CO;
deseribed below. In an uncomplicated anaesthetic, there

oy occur if stispre-
pared to tolerate gross hypoventilation.

There s saesthsiss in many ors of the word
including the UK, who do not beliv mporary
i
patient. Many hundreds of millions of patients must
ave been sbjected to this tramsient physiological tes-
pass since 1846 and.there seems to be no convincing
evidence of harm sesulting from i, except. perhaps
ncreased blecding from the incision. Tn other pars of

manual compression of the reserv
menl, 1o palysean venclte il 2 routine
ifferent. conditions apply
R e
e sct ot any lvel that seems appropriate to the anacs-
iletiie stk el pper
ente pifens, reaifig in Ippocprs, Rt
nonboriog of end imary PO b daly shered
e o it el et ke AL
ol ventilation can very casily be adjusted to maintain
e target PCo slected by the anaesthetst

Effect on Pcoy/ventilation response curve

Progressive increases in the alveolar concentration of all
inhalational anaesthetic agents reduce the slope of th




Endexpiratony P, (mia)
0

s 221 Dipacamentof the
Tesponse curve with diferent
The

curve sloping down o the right indicates the
pthway of Feo, and ventiarion change resulting
om depression without the challenge of
exogenaus carbon dioxide. The broken nes
indicate extrapolation to apnoeic hreshold e
The curves have been constructed fom the data
ofreference 3

"
Endrepisony oy ()

Byl i it desy ool
ol Peo,

o reduced below tis i which is known as the
el e B (e ) Iat s 221, the
Tk curve g 10 the It epresents the stating points
o vl ooy ventition Fespense hout

anaesthesia is associated with a decrezsing ventlation
d

and a rsing PCO,, points an
to the right. AL intervals along this curve are shown
Peoy/ventilation respe
caron i fa o s

onse curves reml\m" from adding

Flgure 222 elive deresion ofthe vnstorresgorse to

inction of

bt i coe e
Pcoy by a similar amount. This is conveniently shown
by plotiog she dope of the PCOy/ventilation response
agsinst equianacsthetie concentrations of differ-
ent snaestherics (Figure
minimum alveolar concentration (MAC), although the
validity of using MAC mulciples in this way has been
The curenty used alogenated sgnts do
not differ greatly from one another, but diethyl cther is
exceptional in having little effect up to b
Surgical stimulation antagonises the effect of anacs-
thesia on the PCOy/ventilation response curve (Figure
22.3). It may casly be obs h

shown 35 multiples of

questioned.

reathing patient

Ltion whatever the depth ring pro-
esthesia withort surgical scimulation, there is
710 progressive change in the response curve up to
ours, but some return towards the preanaesthetic posi-
tion fas been reported after § hours.” With the excep-

of snaesthesia. Dy

Tonged ana

e s panC o kL
enflurane; (W] sofurane; (9, sevoflurane; (0], deslorane: (1,
diethylether. (Data from references 4.5 and 6)

tion of kesamine, intravenous anaesthetics have similar
effects on ventilation ta the inalations] anaesthetics.

Effect on Po,/ventilation response curve®"®

The noml eetonship beeen Py and ventila
e o e 85t s, 1 o fong et
s sl e the s arensy o et o gy

that cther ansesthesia nearly abolished the ventilstory



Wi surgery

-
.

@
Mimimom sheols cone

Figure 223 Respiatory depression by soflurane with and
without urgery at diffrent multiples of minimu alveolar
Data f

Figure 225
ventiatory response (AHVR) and inhalational anaesthesi or
Sedtion. The orinate s the ato ofthe increzse n minute

otme with o dung anaethess o sedation e

reference 8]

Gepression of the response and zero represers a comple

ely
e socapric

poikiocapnis,See text for details, (01, halothare: 4]

\\‘/
01 C halotan

eecation)

—_—
T Y WAC haloTane

st o, 7a)
e 22.8 Efectof halothane anaesthesia on the ventiatory
esponss o hyposia The data shown in this fiqure have now
een chillenged; sestex for detas (Afer reference 13)

remonse to yposaenis e ch respnse o carbon
dioide wos sl prese
i iveus ke e

Ll
response affcte by nhultonal anaesheticsbut i was
it

ot only was the h\poxl\

also, in foct,

s 3 ol O} o o olde
fere

~ 4 desfl
feferences 21-27,

coni findings were widely accepted for some years,

condilons untlssudy by Temp et 1992 shoved chat AVR

summary of the findings of these and previous studies i
showen in Figure 22.5. The most notable rmmn» of these
results is their diversty, with, for different
oM sl ot s of el s partian
larly a¢ sedtve levels, resulting in completely opposite
resls Howeve, o the otherantsthere doss seem
0 be a generally dose-depende
hypovic ventiatory ~response,
considerable variation ~remains, There are many
possble explanations for these resls, mosely relting 1o
methodalogical differences bexween studies.

Anaesthetic agent. Differences between anaesthetic
e e VA S il
Figure 22.5. However, 2 recent review of

H s rp im0 e i
of the response by lov-dose sevoflurane, progressively
increasing depression by isoflurane and enflurane, and
olothane having the aeestest cffect

(Figure.
rkedly atcenuated at 0.1 s oot
ansesthesia that would ot be reached for 3 consider-
able time during recovery from ansesthesia, Simlar
frects fornd with all the corrently used inhala-
141 and with the inteavenous anaesthetic

drive was m

tional agents'
ropofol.”

The dere of woinl of e
Known to affcct the  of hypoic response
o s’ legels o nscsthesi (02 MAC o les have
difered in the amout of stimulation provided, il

some forcing the subjcts o remsin, ke and
‘hers lewingsubjecs ndistwbed, One sy compa

o5 Stk et e A el




found no depresion of the hyporic reponse in he
awake group = Howeser, the same review described in
the previous paragraph did find subject scimulation to be
2 signifcant factor in determining the degree of depres-

AHVR and tha this cffect may be influenced by
the specific amaesthetic e used.”

sion of

Hypoxic challenge. The exte of onset, degree and dura-
tion of hypoxia
which is normally b
declne (HVD) occurring o
of hypoxia (see Figy

2 'ramp’ onset

combinstion of AHVR snd HVD er

not seem to be of practical importance. One study
ddresiog iffrent patterns of ypoxic onset on AHVR
found no difference between the and 2 recent
revierw did not find the hypoxic stimulus %o be 3 major
factor” Hyposic ventilatory decline seems to he
fluenced by ansesthesia 2"

Subject selection. The magnitude of the AHVR differs
sreatly between individuals (psge 66). Some studies
have been performed using only subjects found to have
a tbrisk” ventilatory response 1o hypoxia,™ and these
results cannot. therefore be extrapolated to a broader
range of patients

Carbon dioide concentration may be maitined. ¢
sormmal, prehyponic lovels (socap
its own level (poikilocapnia). 1

th

lation with hypoxic (Mlh’nwh the same when asleep as
wwhen avake. This has led to the suggestion that anaes-

1. Patients cannat act as their own hypoia alarm by
respanding with hyperventilation.

2. Patients who have already lost their sensitivity to
o5, some patients with chronic respiratory

Fanl\m-) may stop breathing after induction of anaes-

hesia hassbolshed their byponic e

s o e G s e i e

or in other situations w cpends o

ln perventilation in mpnm: to. h)pcxu [:cc Chapmr

1)

4. Because hypoic drive is obtunded at subanaesthetic
concentrations, this effect will persist into the early
postoperative period after patients have regained
consciousness and are apparently able to fend for
themselves.

Recent uncertainty about the effect of subanaesthetic

concentrations on AHVR has cast doub on the validity

of extrapolating the results of ealcr studics to patients
rccovering from amesthesia. The degree of stmulation
of the patient s likely to affect their

which willtherefore be affect

= pincomol ad he o of s

AHVR response,
y many factors, such
tivity in their sur-

e hypercapnic sccondary to opiate administea-
omctimes compounded by ainvay obstruction.
Under these circumstances the sentitory respose 10
the combination of hyposia and hypercapria is almost
cestainly rediuced to less than that scen when awake.

There is licle dosbt that more research is needed to
understand the complex effects of anaesthesia on venti-
Iitory responses " Though recent work may have cast
some doubt on the carler studics of Knill et al” (see
Figure 22.4), there remains plenty of evidence that a
leeping patient in the recovery room is at ris of faling
<0 mount 3 suitable ventiatory respose 1o hypoxia

PATTERN OF CONTRACTION OF
MUSCLE

itself, but may reduce the normally additive interaction
 hyper-

One of the m e specificity

i (e Pgure SE) 25
e gomcealy Wil shact b eéee o smehutics oo
AHVR s on the perphers chemoreceptor bl

exclusively so at sedative I i i
pais the vertltory response o doxapram, which scts

on the peripheral chemoreceptors (page 71).”

Implications of th depression of AHVR by
anaesthetic agent

here are four important practical implications of the
attenuation of AHVR by anaesthesia

ot e e e e S
ihese = hardly bave

rthcless, have great clinical
‘many of the secondary cffects
deseed e i thischapter.

The pharynx
Ansesthesia usually causes obstruction ofthe pharyngeal
sirway unless measares are taken for its protection.
Figure 2.6 shows changes in the sagital geometry of the
pharya immedintly ofcer induction of anacsthesia with
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Chariesworth CH, Teylor5), Nunn JF. Dore CJ. ffect of general
anaesthesia on the pharyn. &) Anoesth 1931 66:157-62.
o

Upstream abstructionin the nasopharyn resls i
et i e by, Dok

Joural

Toytor , Nune JF. Dore C . Effect of general
1991; 6115762

Pressiish Journalof Anacsthesia)

thiopentonc in the supine position.” The soft palate falls
against the posterior pharyngesl wall, occluding the
gty b e i i, e
ference with the action of some or all of tensor
pilel Jtoslomis;on. palstopharinges (e 76).
Similer indings are also seporte] ueing magneti reso-
nance imagin, when the mean anteroposterior dismeter
of the pharyax at the level of the soft palate decreased
From 6.6 mm when awake to 2.7 men during propofol
anaesthesia,” Radiographic studies have shown consid-
erable posterior mavement of tongue and cpiglotts, but

marked interfercnce with genioglossus acisity during
ansesthesia,” and human observations have shown that

9 The Board of Management and Trusteesof the Brtish Journal
of Ansesthesi. Repradced by permission of Oxford University
Pressiish Journalof Anassthesia)

activity of genioglossus and the strap muscles.* Never-
theless, Nandi ef al.” showed that the posterior move-
ment of the palate was not caused by pressure from the
tongue. The changes shown in Figure 226
those observed with  amesthesia

and

Sccondary changes oceur when the patient attempts to
breathe. Upstream obstruction then often causes major
passive downstream collzpse of the entire pharynx
(Figure 22.7), a mechanism wich features in common
with the sleep apnoea-hypanoe syndrome (page 251).
This secondary collapse of the pharyax is
ference with the normal acton of vmm\w\ dilator
I be

thiopentone decreases the

genioslossus.



sthe-

involved in hypopharyngeal obstruction during ans
and posterior movement s clearly seen in Figures
6 and 22.7

Protection of the pharyngeal airway. Extension of the
neck moves the origin of genioglossus anteriorly by 1-
2cm and usally clears the hypopharyngeal airway:
mandible, originally proposed by

ot of Guedel s reuny mn,,m but che tip may
become lodged in the vallecula or the tongue may be
pushed downwards and backuwards to obsteuct the tip of

eveloped by Brain in 1983, the laryngeal
peoes gt sat s the aryn-
seal perimeter, allowi

ed. 4 For the most reliable maintenance of
airway patency e is used, which requires
the use of cither ‘deep’ ansesthesia or muscle relaxants.

tracheal b

The inspiratory muscles’
John Snow's caly osentions of resition duing
amaesthesta clearly descibe that a decrease i thoracic
respiratory cexcursion may be used a5 a sgn of
ing anacsthesia. The cffect was firt quantfcd by Miller
in 1925* and more preciscly reated to depth of anaes-
thesia vith halothane in 1970,

myography of the parasteral intercosal mus
humans shows their activity to be consistently “lhed
by LMAC st g o vt I s subjects

e decreases the EMG

1A
ctivity of s(emn(hymld Ao
muscles. [ contras
be well

, disphragmatic function seems to
I cved durng dnaesthesa pardary plasic
ing inspiration.

‘of changes in muscle actiity com-
monly gives rise to paradoxical inspiratory movements
whereby diaphragmatic contraction causes expansion of
the lower ribcage and abdomen, whereas the upper
ibcage s drawn in due to the negative intrathoracic
pressure and a lack of support from upper ribcage res-
piratory muscles. This pattern of breathing i seen com-
iy iciren, hoas. moce complant chest wall
than adults, and in adults when respiratory resist
TRl it o et e i e
pressure. Some studies have, however, found no reduc-
ion in ribeage movement with, for example, soffurane

at 1 MAC or ketamine.™ It is possible that changes in
spinal curvature during ansesthesia have caused earlier
e movement to overestimate the
Also, spontancous vensilation via = tracheal
tube is assaciated with greater ainway resistance than
other methods such s 2 laryngeal mack, which may con-

component of ventlation

<ertainly an increased thoracic

during IPPV of the anaesthetised paralysed patient.”
“The resting position and dimensions of the ribcage and

ciaphragm during ansesthesia are described belov.

The expiratory muscles™
General anaesthesia couses expiratory phasi activity of
the sbdominal muscles, which are normally silent in the
conscious supine” subject, Anacsthetic agents, opioids
and hypercapniasre ol involved in stimulatiog the expi-
atory muscle activiy. Thissctvity begi
jecisa nly 02 MAC of blshane and s ver il

pear
\vgmll.ml et L
ity

Respiratory muscle coordination often beco
wurbed during anaesthesia with spontaneous el
tion. " Paradonical moverments betiveen the

amscshesis on different respiratory neoronal grous in
the central pattern generator™ ant marked.
S eTabm i e e S

attem seen is a phase delay between sbdominal and
sibcage movement, as illustrated in Figure 22.5.

CHANGE IN FUNCTIONAL RESIDUAL CAPACITY

3 s the it o reprt 3 derene of
e capacity (FRC) during anaesthes:

This was B ey S, S e b
lished the following characteristics of the change.™ ™

« FRC is reduccd during anaesthesia with all anaesthetic
drugs that have been investigazed, by a mean value of
about 16-20% of the awake FRC in the supine posi-
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Figure 228 Respiratory nductance plethysmography (RP)
racings of ribcage and sbdominal movements during 1.5 MAC
halothane anaesthesia, and the accompanying respiratony gas
flows.Nota the phase tween abdominal and rbcage

menss, indicated by soid artows, which in the example
s s apposmsly 3% e nipiatry e, T
inspiatory time: Te, expiatory time.(Reproduced

i s

for a reduction in FRC of about 200 ml. There is less
sgrecment about why the chest wall changes shape, pos-
sible explanations including the changes in respiratory

muscle activity already described, diaphragmatic. posi-
tion and activity, ar spinal curvature.

Diaphragm position. I the conscious subject in the
supine position there i evidence of residual end-expira-
tory tone in the diaphragm, which prevents the sweight
of the viscera pushing the diaphragm too far into the

Bt el o 0
using DSR and fast CT hase pro-
vided good G e
ansesthesia. % Although there & a large variation
b iects, these studies have consistently shown

of time on ventiation duing halothane and cycopropane
aneshesia. Anesthesiology 1972; 36:83-8)

tion, However, there is considerable individual varia-
0%,

El
H

FRC i rediced  the same extent dcing ansesthe-
sia whether the patient s paralysed or not.

+ The reduction in FRC has a weak but significant cor-
relaion with the age of the patient.

The cause of the reduction in FRC

here is general agreement chat there are three possible
contibutory factars <o explain the reduced FRC, as
follows.

Chest shape. Earlicr studies that measured anteroposte-
rior and lateral diameters,
E

changes in internal ches:
However, the introduction of fast computed tomogra-
phy (CT) scanners led to general agroement that there
is & reduction in the cross-sectional arca of the ribcage
corresponding 1o 2 decresse in lung volume of sbout
200 el A dynamic spatial reconstructor (DSK) tech-
nique allows scans of half the chest to be obtained in just

a cephalsd movement of the dependent regions of the

o changes n diaphragm shipe i oa. average les than
30ml.® A summeary of the changes in chest wall and
diaphragm positions during anaesthesia is shown in
Figure 22.9.

Thoracic blood volume. A shift of blood from the periph-
eral circulation into the chest during anaesthesia has
been postulated a5 4 cause of reduced FRC, and one

4
i
i
EH
18

observation has ot been confirmed 7 and
psliclipat i e e )
reduced FRC

ATELECTASIS DURING ANAESTHESIA

Milisry atelectasis’ during anaesthesia was first proposcd

 Bendixcn et al. in 1963 as an explanation of the
muwnd sl o Affosoe g s
thesia.” sional radiography, however, fiiled to
i ot MDA el prcsiaith
to most atelectasis being behind the diaphragm on
anteroposterior radiographs (see below). Hedenstierna's
sroup in Sweden were the first to demonstrate pul-
monary opacitics on CT scans of subjects during
anaesthesia. These opacities usually occurred in the
dependent areas of hung just above the diaphragm and

iy due




Anaesthesia

Disphregm
2229 Schematic diagram shawing 2 midsagittal
fthechst vl an diphaeg awoke s e and mng
amesihea Gshed ne. e e redictonin g

eased spinal curvature and change in
dm;nragm:n: stion. Toe thaded e shons where

Figur

Fgue 2210

and chest wal shape during| halulher\e e
Sneshesioay 1998

were termed “compression atelectasis’ (Figure 22.10)

scour i ) Conrl ke i (0 Aneshsia wih

the ight dome. e st
sosteend exialory presure which redaces the amountof
Hedenstierna

Theicesient corlted verysrongly
dies showed that the

G Tokis L Strandberg A, Lundauist H, Bismar 8. Corelation of

areas of opacity e il gt appearance of
<atal collapse, with only moderate vascular congestion
and no clear interstital ocdema.

‘Atelectasis occurs in between 75% and
individuals having general amaesthesia with muscle parsl-
ssis 4 Tt is usually quantified from 2 simgle C
Slice, taken immediately above the dome of the righ
diaphragm, and expressed as the percentage of the cross-
sectional area containing atelectasis. The percentsse of

ed in this way scems

90% of healthy

stelectasis during anaesthesia
usually around 3%, but the atelectaic areas

ontain many more el e it volume chan sersted
Noeind ths 3 cctional srea. cquates to
around 10% of lung tissue.

small,

of cross-

Causes of atelectasis

ssms nvolved, all closely inter-
fed in the

There are three mech:
related, and it s likely that all three are i
stelectasis in vivo,

formation of

Ay lasire s 3 s ofth reduced FRC my lesd
position, the cxpirstory

Ressgirmes i el i il
in males and 600 ml in females. Therefore, the reduc-
tion in FRC following the induction of anacsthesia will
bring the lung volume close to residusl volume. This will
tend 1o reduce the end-expiratory lung volume below

308

anaesthesia and muscle paraysis Acta AncesthesiolScand 1956
301 183-51.1am indebted o the authors for supplying the
other two scans)

the closing capacity (CC), particulacly in older patients
(sce Figure 3.10), and so rosul inairway closure and lung
collapse. Pulmanary atelectasis can easily be demon-
soved I coseous bl e plntcly brethe

oxygen clase to residual volume,” and Figur
shows the ffec on el PO; of simlsiog e rudu(
tion in FRC that occurs during anacsth
collsps. for example in younger pam.vts
the airway narrowing caused by reduced lung volume
creates areas with low ventiltion p\rﬁmnr (V/Q) ratios
that contribute to impaired gas excha

A4 o et phobe ey
CC remains constant during anesthesia or whether it
changes with FRC. Earlier studics by Hedenstierna
and colleagues suggested that CC remained constant.

e does not occur,

sced in paralll fol-
* ltis possible that
the amesthetic counteracts
the reduction in airway calibre that would be expected
to result from the reduction in FRC (see below).
The results of the last two studies suggest that there
should be no incressed tendency towards airway closure

bronchodilation caused by




Figure 22:11 Changes in tidal excursion eltive
tovialcapacity in Dr Num when aged 45

1976:70:154-60)
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i e 9.

during anaesth
Hedenstierna’s work.”

this is clearly at vasiance with

Compressionaelectas may oxcur bcase of changes in
whic .

of
Figae 225, the predormimnly. coudal disbusion of

s also points t0 2 role for changes in the posi-
tion of the dependent regions of the dizphragm.

Absorption atelectasis™ _develops when an airvay

itself cause stelectasis, bt in effect accelerstes collaps

i e B e
i mechans. The apid upake of gen o he
blood makes an important contibution to the develop-
et of abspeion. weleands (s below, The role
of sbiorprion. i anacsthe

disputed

induced atclectasis is

Prevention of atelectasis®’

Recogrion ofssecmie ditngamcrthes sl
et interest in ways to prevent its occurrence. Several
b

Inspired gas composition. Administration of high con-
centrations of oxygen during anaesthesia would be
expected to promote atelectasis and there is increasing

e foshi s e of gt g a5zl
anaestheri

« Preoxygenation. An Fip, (fractional concentation of
inspired axygen) of 1.0 immediately
tion of anaesthesia leads to significantly

tasisthanin patients with an Flo of 0.3 or 0.21 during
inducion * The cuil for worsening atelecta-
sis seems to € 06, s 2 recent study <t
o an Flo of 1.0, 0.8 o 0.6 found cros sectional
ares of stelectasis on CT scans Following induction of

5.6%, 1.3% and 0.2%, respectively™

nce. Following reexpansion of atelectasis

e o e e s

concentration Gauses 3 more rapid. recurrence of

stelectasis. ™ However, 3 study comparing i Fl, of

08 0r 03 in nicrogen throughout anacsthesia and the

period did not find any differences

prior o induc-
more atelec.

compar-

Use of an Fig, of 1.0 before
removal of the tracheal tube at the completion of
surgery is associated with more CT-demonstrated
atelectssis in the immediate postoperative period.”

irous xide, Misheril modelig of the e
n atelecasis occurs suggests that using

Léokingat diffusion of gases into and out of a closed lung.
unit, this model finds that the diffusion of N-O into the

maintained snd collspse prevented. The in vito sivation
5 clearly more complex and clinical studies of N:O have
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siven conflicting results. ™ Partial pressures of N.O in
lung units and blood are rarely in a steady state and the
time at which lung units become clased will vary, s
s edale G of N0 on sileouss
(page 400).

Cinical implications of Fi, during anaesthesia. The use
of 100% inspired cxygen before, during and at the con-
clusion of a general anaesthetic seems to be sssociated
with grester sevarity of pulmonary atelectasis. These

bscrvations kave led to the suggestion that i s time to
allenge the routine use of 100% oxygen during amcs-
thesia" Anaesthetists use 100% oxygen before induc-
ion and extubation to provide  longer period before
ypovia occurs should there be diffculty in maintaining
et siewy. Howeve this sty peiod il be
shorsencd only  preovygenating with a
il k may sinifcandy b
amount of atelectasis that occurs.”

Time (minu

Positive airway pressures. Application of a tight-fting
facemask to the patient before induction allows the use
of continsous positive ainwvay pressure (CPAP) before
the patient is asleep and positive end-expiratory pressure
(PEEP) after induction. Using CPAP before induction
may incresse patient anxiety, but low levels of CPAP
(6 cmH0) have been shoswn to abolish the Formation of
LoRsl e for
saturation to fll 10 90% durig the apnoca that
vormaly Tollows ndcion of ansesthes
During maintennce of anacsthesia moderate levels of
PEEP (10 cmb0) prevent the occurrence of atelecta-
sis following 2 reexpansion manocuvre (sce below),”
bt much higher levels are necded t0 reespand exising
stelectass

Reexpansion of atelectasis

Tiso mehods ave been descibed o reexpnd collapsed
areas of lung and these ar shown in Figure 22

Vil capacity

Figure 2212

i 15 seconds.

application of PEEP up 10 15 i,

.Bohm SH. . do Campo L, Lach

18 mikg i achieved,

Hedenstiena G.
1993:71:788-05.0

1 of Ansesthesia)




ries of hypers

H0eHO, cach ssained for 15 seconds (i
2120, Bevpoe these g brehs ol 1PV i
e this
s e e B b
emH0 reduces the area of alectass by hall and the
subscquent inflations to 30 cmH:O have ltle addicional
effect, but the final breath to 40 cH;0 complece
expands the atelectasis. Subsequent wark by

CT assessment during

o th stlectuss vecxpanded afer only 2 seconds and
al s inth

In both these techniques for reexpansion of atelects-
s, airway pressures reach 40 O, An airway pres-

his high is not without risk during anaesthesie,
the posibiliy of cardiovascular disturbances
d pulmonary barotrauma (see Chapter 32). In  similar
fashion to PEEP, these recruitment manocusres reduce
intrapulmonary shunt, but inerease V/Q mismatch such
cha there s often only 3 small improvement in oxy-
et by B b s e,
amouns of atcl
Toion 1 ity o patients, often
leading o a sustained improvement in oxygenation. ™

sure th
includs

RESPIRATORY MECHANICS™

quarters of patients."
PEEP, High levels of PEEP are required to reexpand
ateectasis, Also, resolution of stclectass i not complete
and collapse recurs within mirutes when PEEP is dis
continued " In addition, high levels of PEEP cause sig-
nificant changes to V/Q relationships within the leng an
ay not improve oxygenation of the pur
ing levels of PEEP arc more useful i used in conjunction
with large tidal volumes. One proposed technique
involves increasing PEEP levels to 15 cmH,O and then
tidal volume is increased until peak airway pressures of
40 cmH:O are achiesed (Figure 22.120).% This study
did not use CT assessment but inferred reexpansion of
atelectasis from improved arterial PO

iy resstance

Arsesthesa

Calibre
ffect ofreduced FAC. Figures 4.5 and 22.13 both show

T s o i betveen g veume and
ainvay resistance. Figure 22.13 clarly shows that the
sl e FRC inthe supine pos-
. and therefore the reduction in FRC that occurs
i ol Y b e remit 1 3

lung volum al respiratory syst
during anaesthesia is only slightly reater than in the
awake supine subject, mast of the change occurring in
the lung/aineay components rather than the chest wall

Figure 22,13 inway resistance a a function of

cataton spproumat’y
compensatng fo the decrease n F




Respiratory system 048 pr

012044 1244
Lung tisue/airway 035 35 007028 0724
wall 013 13 005020 0520

) 1 As would be expected, resistance
with increasing flow rate and decreases with
ocresting nion vl Guiog soaectbesa ™

Inhalational anaesthetics. All inhulational anseschetics
investigated have shown bronchoditor effects, Sup-
pression of airvay vagal sellexes, direct relaation. of

d nfibition of release of

airway smooth muscle®” ant
rmehoconeiei et cause an
incresse in airway conductance. In clinical concentra-
tions, halothane e acetylcholine
released from nerve terminals in response to nerve stim-
alation'"® and suppresses the increase in both airw;
dissue resistance following vagal stimulation. ™ This
appears 1o be more important than the dircct effect of
cinical conceatrations of halothane on sirway smoot
muscle or histamine release from mast cells.

s anaesthetics have similar_effects 1o the

The pharynx and larynx. The phorynx is commonly
he

sirway protective refles, In most cass the spasm even-

ually resolves spontancasly, but it may be improved by
application of CPAP or terminated by neuromuscular

Compliance
Total respiratory system compliance is reduced during
anaesthesia to a figure approaching the lower end of the
‘normal range (see Table 22.1).% Both static and dynanic
‘measurements (page 35) are reduced compared with the
awake state. Complisnce scems to he reduced very
iy In snachestaand the change s not progressive
Figare 2215 summarses e efect of maesthesa on
the the lung and chest

Intravenous
inhalational anaesthetics.
muscle are mostly weak in comparison with inhsled
agents, and in clinical practice their abilty to attenuate
acural rellex bronchoconstriction predominates.

Other sites of increased airway resistance

Breathing
may arise in apparatus such as breathing sy

syseme. Excesiv: reitance o ctruction
ems, s

wall. The dingram i major differences betweer

fo the whole esintory systen comprisig s ls
chest wall. The obtained during anaesthesia
ety chos 1he edaion 7 FRG (g vohome mith
sero presure grdient from aiveol to ambiend). Appl

blocked or the cff may e
also abut

the lumen may be
and obstruct the lower end, which may
st the

reduction in diameter of 2 tracheal tube greatly increases

its resistance, the pattern of flow being intermediate

betuween laminar and turbulent for the conditions shown

in Figure 22.14. Resistance imposed by a laryngeal mask

ainay is less than that of 3 corresponding size of tra-
eal tube,

O (3kPr)
to the airways expands the |\mg,s e oot she

the right of Figure 22.15 show that the major changes
erc i the lung rather than the chest wall.

Cause of the reduced compliance. The change seems 1o
be due mainly o a reduction in pulmonary compliance,
the cause of which has been difficult to explain. There



Pressue drop (kPa)

N.030% 0, the pressure drop.
5 T is about 405 greater for the same gas low rate
when flow i turbulent, bt it cifferent when
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is o convincing evidence that anaesthesia affects pul-
monary surfactant in humans at clinically used concen
trations. A more likely explanation s that

lung compliance i simply the consequence of bresthing
¢ reduced lung volume. Strapping the chest of volun-
weers, thercby decreasing their lung volume, resuls in 3

decrease in pulmonary compliance that can be rescored
to normal by taking a maximal inspiration.'" This sug-
gests that partial pulmonary atelectasis s the explana-
tion, and the common occurrence of atelectasis during
anaesthesia. makes this the most likely cause of
reduced compliznce.




GAS EXCHANGE

Every factor influencing gas exchange may be altered
during anesthesia and many of the changes must be con-
sidered as normal features of the anacsthetised sta
These ‘aormal changes s i thees o the
patient, since fects can easily be overcome by
Such simple means as increasing the concentration of
oxygen in the inspired gas and the minute volume. The

al’ changes may be contrasted with a range of
pathological alterations in gas exchange that mey arise
during snaesthesia from circumstances such as aiway
obstruction, apnoca, bronchaspasm or tension p
e e
action for their correction.

jor changes that adversely affect gas exchange

aally pose

(considered in terms of the
described on page 116 and i Figure §.8) and atered dis-
tribution of ventilation and perfusion in relation to ven-
tlation/perfusion ratios.

Physiological dead space (see page 120)
The incease n physloial ded sace o ansc-
e et sl 1 d subscquently

fore, the increase in subcarinal physiological dead space
curing anacsthesia must be in the alveolar component

Anatomical dead space. In the stuly of Nunn and Hill"*
(Figure 22.16), subcarinal anatomical dead mace s
abways significantly less than physiologi

o bl 20 i el s Aloke 3505

1o s b ik s 5 sl i
and the mixing effect of the heart beat, and is clearly
an important snd benefical factor in patients with
depressed breathing.

Alveolar dead space incresscs vih tdal volume so that
the sum of anatomical and alveolar
dea

onfirmed in many studies. for the appa-

the dead space/tidal volume ratio rom carina down-

70 ml). Physilogical dead space equals the sum of its
il o et sotp e the il
anatomical dead space is not normally increased. There-

Spoanest |
epiraion”_|

= nior

\%nulﬂmn/g:rﬁmm\ wlationships autlined below give
port <o this view, but such patserns of mal-
rtion have a0 invariably boen abserved during
smesthesia

Apparatus dead space. Use of a tracheal twbe or La
geal mask sirway (LMA) will bypass much of the normal
anatomical dead space arising in the mouth and pharyn

Figure 22:16 Data and regresson lnes for

Aveos
st space

dead space

difeence indicatng alveolar dead space) a2

function of tdal volume. Th o significant

ronc aest h and vithe
ralyss Note the range over which physological
d bes i

rereased sheaiar deod space. A
113y persion o the Edto and pobliters
the Journalof Appied Physology )
s
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il volume () (7S]



Figure 22.17

space remained constant. ‘This, together with the
reduced metabolic rate, results in the hypercapnia being
much les than the values for minute volume sometimes
observed during enaesthesia might lead one to expect.
Nodotib, over the years, many patients have owed their
lives to these factors.

Shunt
Magoitude o the change during anaesthesia. In the con-
sious ey sbjc, e shun o senous admitre
amounts to ol diac output (page 122). This
i o i e o Bt o i e

kP (75 miniig) n dhe young helby subject bcath
ith age. During anacs-

s o cuirsdourarts B g sachs e
arlaryngeal mask sinway and <onnactor and ) incu
upper ainuay,facemask and connecror,

Howeser, for practical purposes the apparatus dead
b il b LA e S
tions must be included for the purpose of calculating
ww‘.-uv a vensiltion dusig smasthss. The totl dead
en_increases <o sbout S0% of tidal volume
e 2217); When wing  Facemash L s ey
0 add the volume of the mask and its connections to
the physiological dead space, which now also irchudes
aches, pharyn and mouth. The otal dead space then
amounts to about tothirds of

only 2 Lin, which wauld slmost inevitably result in
hypercapnia

Compensation for increased dead space may be made
by incressing the minute volume to maincain the
alveolarventifation. Inartificially ventilated naesthetised
Bl poblen iR i have

Po, differenc

is usually
incrensed to a value that corresponds to an average shunt
re 22.18 shows the mean values for

of sbout

che means for the studies are grouped along
the 10% shunt line. Formal measurements of pulmonary
venous admixture, taking into account the mixed venous
oxyzen content, have also been made and these concur
with shunts being of the order of 10%, This provides an

that will provide an acceptable arterial PO, Some
30-40% inspired oxsen is wsually adequate in an
ancomplicated ansesthetic

The cause of the venous admixture during anaesthesia.
About_ half of the observed venous admixture is true
s described above.
There is a very strong correlation betwseen the shunt
o m s g ool ke W Oreio oo
than 0.005) and the area or volume of atclectasis seen
on CT scans "1 Studics using isotope techniques have

demonstrated shuntog in_the sime

. bt
\m..m selcted provide more than adequste compensa-
i

s of fang where aclectass s seen on CT scans.
However, t d b

i iy ot el e Vb
‘monitoring of end-expiratory POy, there is very
any difficulty in maintaining a value n the range i
(30-37.5 memHl). Howeser, the existence of an alveolar
dead space means that the artrial PCO during anaes
thesia is usually 0.5-1 kPa (3.8-7.5 mmHg) grester than
the endxpirstors PG,

In the case of the

hypoventilting patient who is

lation that would be expected if the volume of the dead.

contains companents m,. o dispersion of the V/Q dns-
ribuion and to pefusion of sheol with low V/Q ratios
(00050

Ventilation/perfusion refationships™*
The three-compartment. model of the lung (pase 116)
provides a definition of hung function in terms of dead
space and shunt, parameters that are easily measured,
reproducible, and provide a basis for corrective therapy:
Nevertheless, it docs not precend to provde 3 true
picture of what is going on in the lung, A far more
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Sophisticated approach is provided by analysis of the
distribution of pulmonary ventiation and perfusion in
terms of V/Q ratios by the multiple inert gas elimina-
tion technique (psge 115). and many studies during
i have been reporce

Dering gencral ansestheia and parlys both ventils
son and pefsion r found to be distsbuted o 2
wider range of V/Q ratios than when awake (Figure

519, Cuher eudes hve slo fomd subsintl
V/Q mismatch during scet walysis, with
ventation being distributed pmfﬁcmml]y <0 ventral
s andvice vers orpesfsion. 2 Inthe heihy young
subject shown in Figure 22.19, the trac intrapulmonary
shunt had a mean value of less than 1% during amacs-
thesis, but the alveolr/arteral PO, gradient was slightly
incrested, and this was atributed to the increased
spread of the distribution of perfus
ventilation (lower V/Q ratio). Anatomical dead space
was reduced, largely because of trad
alveolar dead space was increased, partly
increased spread of distribution of venilation to arcas of
poorer perfusion (higher V/Q ratio).

=

Effectof age on Virtios during arcesthesia In ke

g
anacs Howsyr, the shuns caclted from the
alveolr/areril PO radient sccordin 10 the

el L Rl
difference would be de to perfusion of arcas of low
V/Qratio. & second study of elderly patients (mean age.

shunt following the induction of ancsthesia, but there
sppeared 3 ‘shelf” of perfusion of regions with very low.
V/Q ratos in the range 0.01-0.1. In e second group,



subjecto0cd 29) 252 function of ventlation/perfusion rtios i the
3 B awake and anaesthetsed paralysed subject. (Adapted
from eference 126 and reproduced from reference 127
by permisson of the pubishers)
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Figure 22.21 Age dependnce of various
foctosinfuending el 0
cuing an o ogatm
o tomearddevatonofdsnbut
i s oty grestr o
Encestsi Showry hr hen sk (ncx
e b Bt e sl gt
fer both circumstances, True shunt s
hgmf:im\ylnrmsm imost tenfold compared
anaesthesia, but the carrlation with

equation (page 122)
sum ofshuntand perfusion ofregions of low

e

this ‘shelf” was less prominent but there was 2 substan-
tal increase in true shunt. Finally, in the third group,
there was both a ‘shelf” and an increase in true shunt.
All of these changes are compatible with 3 decrease
FRC bl clng cpact

iy by Gunnsrsson ef al involved 45
s range 23-69 years. They reached the sur-
Frsing conclusion that stelctass (s seca with CT) and
shunt (determined by multiple

model) was increased significantly, from a mean value of
5.5% of cardiac output before ansesthesia to 9.2% during
ansesthesi increased steeply with
age (0.17% per year), and this was ateributed to an age-
sttt il of V/Q ratios (Figure

and to grester perfusion of aiveol with low V/Q
catios (n 005-0.1),

fenous admixture

314

Effect of PEEP. It has long been known tht, in contrast
o the situation in intensive care, PEEP often does littlc
the arterial PO during anacsthesis

improved oxygenation. First, the decrease i cardia
i s i PR il oty of
the blood craversing the zemaining shunt and so reduces

sl Po E increses velion of
dveal with high V/Q ratios, so further increasing
vl Vo misoai. Tos et difsence from the
paticnt undergoing critcal care is probably the lack of
protection of intrathoracic blood essels from raised
Sirway pressure that is aFforded by siff lungs in most
patients requirin criticl cae.

Other factors affecting V/Q ratio. durin
il nll e il ummbutc&
<o maintaining a normal V/Q ratio by reducing perfu

et Sheol (e Chapess, gV
5eq.). Inhalational snacsthetics inhibit FIPV (see below)
and so may worsen V/Q mismatch during anaesthesia
There is some evidence from animal studkes that this
the case’™ and one human study of ansesthesia with
ntravenous barbiturates, which are believed to bave less
effcct on HPV, demonstrated only 3 small amount of




from reference 123 and reproduced from reference
of the publishers.

intrapulmonary  shunting
insired oeygon i i HEV. by maiining
lar PO: at a high level even in poorly ventilated alveoli
Soims i it lovs i
centrations during anaesthesia (30%) are associated with
less V/Q scatter than when breathing 100% oxygen.**

High concentrations of
alveo-

Summary

These sudies of V/Q eltionships dring anacsthesia
complement one another and give us a g

insightinto the cffcct of ansesthesia on
arc now in a position to summarise the effect of anses-
thesiaon gas exchange as follows.

+ Uniformity of distibution of ventilation and perfi-
son s decreased by anaesthesia. The magritude of the
change s age related and may be affected by the
inspired oxygen concentration and anaesthetlc age
wsed.

The incresse inalveolar dead space appears to be due
toincreased distibution of ventilation to areas of high
(bt not usully ininice) V/Q raios.

i e n e 0o
mean value of about 10%, but the chage is markedly
P b L o i S v

The increased venous adixture during anacsthesa s
duc partly to an increase i true intrapy shunt
(e 0 uletass) and prly 0 ncresed distibu-
sion of pefsion t0aeas o o (bt ot ) V/Q
Taion Tt ltee compancot neretes with g

The sujor iffrence are between the avake and
the anesthetised states. Paralysis and arificial venti-
ltion do not. greaty alter the parsmezers of g5

+ Venous admixture

wlmonary.

127 by pemmission

exchange in spite of the different spatial distribution.

d lung hyperinilation manoeusres

put wehich reduces the mixed venous
oxygen content.

“Typical values for the various factors discussed are shown
in Table 22,

‘OTHER EFFECTS OF GENERAL ANAESTHESIA
ON THE RESPIRATORY SYSTEM

Response to added resi

The preceding sections would lead one to expect that
ansesthesia would cause grave impairment of patients’
rease theie work ofbrating in the fceof
dded resistance. Surprisingly, this i not ind
amashecied paints prsese remartable ity o
overcome added ce S0

Sk e DR s o iy
loading in tyea phases. First, there i an instant augmen-

response is much slower
loading is removed, and the time course susge
this s mediated by an increase in PCO:." In combina-
on, Hheam oo s mable casaestheial




1415 17 139
1617 188 150

1819 156 194 233 125 155 186
02 1% 190 2 2 152 182
039 150 187 20 150 7
2049 14 188 21 18 127 iz o
s0s9 144 180 26 s 140 73
so0ss 140 175 20 m 140 168

Values for CO, output vl apply onlyin  steady respiratory state.

patient to achieve good compensation with inspiratory o
lodig up to dbou 05 P (8embO). M

markable i the preservation of the elaborate response
1o expiratory resistance (see Figure £.10), with a large
increase in_minute volume occuring with expiratory
resstive loading during enflurane anaeschesia. ™

Hypoxic pulmonary vasoconstriction’

The contribution to V/@ mismatch of discurbed HPV
during amaesthesia has already been described above, but
the effects of anaesthesa on HPV merit further discus-
sion. Early animal scudics using isolsted lungs found
that several inhalational saesthetics inhibit HPV; but no
such effect was found with intravenous anaesthetics.
Aldough i iro i gove ls cvidencethat nhl
ional ansesthetics depressed HPV, in vivo studies were
Ding e thesiathe merbolorsicisretsced sbont  iiGousknts One el f i eonsseocyies o]
15% belows basalaccording to the conentional standards  to be the concomitant depression of cardiac cutput
by inhalational snacsthetics. ™ In Chapter 7 it was
explained how hyposia influences pulmonary vascular
resistance ot only by the alveolar FO; but o

b the mixd venous PO A edctin n cardiac ot
T on vl aresbou1 kb hmthcomvenlimialians: it deériet i b easud PO Rosypen
ards and socorespond iy doscy o hos of thesumpion remains snchanged and ths would meentty

patient. ™

Metabolic rate

anaestheris ble 22.3 Jiss expected values  pulmonary vasoconstriction. Thus, on the one hand, an
Boe e i eutput ‘..mh..un.h,.mhm illioht HPY b diec cion
during uncomplicated anacsthesia at normal body tem-  while, on the other hand, it may intensify HPV by reduc-

it oo 26 51C) I Comp i b o g b oo O o Pl of s < i
scious subject, there are major eeductions in cercbral and  output. Ths mst imvestgators” results are consisent
cardiac oy




provided that allowance is made for the éffect of con-

comitant changes of cardiac output. ™ Most studies have
found that intrayenusansesthsis with ropofol has oo
effect on HPV"

Quantitative effect of inhalational anaesthetics. Sup)
ool Vb bl ise i llowsainial
sigmoid doseresponse curve with an effective dose for
SkurE o Jes han 2 MAC and
an EDy of  Thus, during a typical anaesthetic
e H only’ attenuated by sbout 30%.
There are no major differcnces between the volatle
ansesthetics. Nitrous oxide (0.3 MAC) has a slight but
significant effect

SPECIAL CONDITIONS ARISING
DURING ANAESTHESIA

Patient por
fotera I Chaper 8 v xplined e e

ibution of inspired gas is distusbed
wwhether_respiration is spontaneous o

ued preferential perfusion of the dependen lung. This
predictably feads t0 3 pee spread of V/Q ratios and
2 fcter il FOx compared it the svine o

1% hucectasic s on CI scning fonts oly i
i dependent bt bt e il s oF el
sis and the intrapulm . are similr to those
o b ansonheied s pralysed when sopna

Prone. A paticnt snsesthetised in the prone position
should have the upper chest and pelvis supported, to
allow free mavement of the sbdomen and lower chest.
In subjects ansesthetised and parslysed in this position,
o iy e hantes el iarmally st
both FRC and arterial PO; are greater than when
i 5 A sy o e DSR ot S
schesia in xhc prone positon, motin of o
di :

although some overweight subjects in lithotomy position
with an epidural amacsthetic may detelop atclctass or
increased shunt "

One-lung ventilation (OLV)"'*
Sursical procedures iavolving the lungs, ocsophagus and
horaci spine are made possible by the ability 0 stop
the ventlation of one fung. This s normally achieved
with 3 double-Jumen tube, with the lumen connected to
the non-ventilted lung being left open to aumosphere.
The nom-venlte Y will chem collps, parcclaly
when the pleura is open to the aumosphere. The physi-
ology of OLV is complicated by the fact that most tho-
racc surgery is performed with the pateat n the ateral
positon, though procedures in which OLV is reguired
‘while supine are becoming more common

Ventitation. Minute volume of ventation during OLV is
msintained 2t the same level a5 during normal ventila-
tior, to ensure adeguate CO, removal, but usually using
a slghtly smalle tdal volume (710 i ") and faster
respiatory ate. In the lateral positon, when one

astinum_ compresses the dependent, veotlated lung,

decreasing its complisnce.

o e
isfoctory PO, but oxyg

‘With OLY in the supine pasition this effect is absent and
blood flow to the two fungs is much more even, result-
ing in s reater shunt and an incresscd alveolar/arerial
PO, gradient in patients with lung disease.

Preventing hypoxia during OLV. The surgery heing per-

i mmm.v
srucare beaween dorol and sl s of e
aphragn.® Otbes explapatonsfo improved oxygen
sl b g e
(o 115) It ventilation of o atelectuts forma-
tion in, dependent areas of lung that are reduc
T L

Lithotomy. In awske subjects the lithotomy position has
litdle affcct on FRC, V/Q relationships or shunt,

hyposia

curring during OLV'* Surgery reqiring collapse of
th f ang s ssocised it s sre i ing
to the larger size of, and blood flow t0, the right lurs
Puicns hing tharacic surgey fo lung rsection also
have less severe hypoxia, an obsenvation belicved
et from sedce lood flow through discssed lung
tssue

St wed o maisin oxgenaon dro OLY
are ing the shunt_through the non-
Veneisie-fung . mitining.good. vestlaton e




perfusion of the ventlated fung Sugsested interventions
are numerous and include the following,

« Ensuring that the double-lumen tabe is positioncd
correctly, Current practice insolves the routine use of
iy et e
Increased Fy ove oxygenation i the
depenint hang, pariclary e it ow V/Q
ratio, which are likely to exist in the dependent lung.
H y exacerbate

vever, the use of an Flo, of 1.0
e il okl g
wossen the ovenl pulmonary sh
PEEP ma be e
Pused is
i, ik F PEEP usually
redacing amcral PO, by divening more bload % the
non-ventilated ung and reducing cardiac output. A
compromise PEEP value must. therefore be used,
wehich is believed to be approximately S cmH.O and
referred EEP Paticnts with lung discase
iy devlop s PEED (o 431)doing OLY,
and the application
requires caution.
reexpansion manoevee 25 deseribed ced
tobe performed and PEEP used to prevent recurrence
of callapse
+ Ensuring adequate collapse of the ron-ventilated lung.
In an inflated but non-ventiated lung, pulmonary
vesselsare dilated by the elastic forces within the hung
n the alveol:

or the whole of the lung then efforts should be made
expedice supis gation ofthe polmonay vl
- Enhancement of HPV in the non-ventilated lung
Anaesthetic Ksthmquu {hoc vl nbaltond sgent,
such as a_ propofol infusion, may cause less severc.
reductions in oxygenation. 1% Recently, pharmaco-
logical techniques 10 sugment have been
described,with one sudy wsing iccavenoussiitvine
reporting encouraging resules
Apnocic oxysenation of the non-ventilated fung often
presumably by owgenating_blood

possibilty of this abolishing
shunt. Small amounts of CPAP applied to the non-
ventilated lung are also cffective at improsing oxy-
senation, possibly by diverting blood flow avay’ from
the non-ventilated lung.

Laparoscopic surgery'"*!
In comparison with open surgery, the benefits of laparo-
scopic cholecystectomy are now well established and
have led to an expansion in the mumber of surgica pro-
cedures carried out via laparoscopy: As confidence in and

understanding of the technique improve, procedures
ore prolonged, and are

Absorpion of gas from the peritoncal cavity depends
on the partial pressure of gas present and its solubility in
peritoneal tissue, Gas mixtures are rarcly used, so the

embolus. A, oxygen and nitrous oxide all support con
bustion and 50 prevent the use of diathermy, which is
il epencopc g
s o the uml g v for the evoncouly

med ropertoneut, Laparoscopic operations
mvnlw m.- mmmmn of €Oy into the peritoneum to
£

Pertincingthe patient heacbup (or ubpes sbdesmial
surgery) or head-down (For lower abdominal and pevic
procedures). These procedures have tivo adverse effects
on respiration.

spiratory mechanics. In addition to the changes
already deseribed for general anaesthesia, the increased
bl end g ety
further estriction of the diaphrogm and low
sl Respiratory system compl

reduced ™ sometimesaccompa

e A e TS
o oy ite ooe STihed change i pris e
the head-down position duringlaparoscopy have 3
furcher causc for substantialy reduced complisnce. In
skt s s i epltey
sysem mechanics bve only ¢ smalefect on V/Q dis
crbution. A study of nine healthy T MIGET

o characteise V/Q ratios found o e reduc
00l oot s gt

oo dead space o in aressof abnormlly Nigh o low
VI atios!

Carbon dioxide absorption. ™ Transperitoneal bsorpton.
of CO; into the bioad begins within a few mimutes of
a laparoscopic procedure and s estimated

50 mLmin. If ventilation remains unchanged,

this will quickly increase srcerial PCo; and CO; will
bRl B S
of the body's huge CO, stores (sce pege 158 and Fizure
1010y s Lprsiongel s s wit slosied

€O, stores empty.™
hen the patient is no longer receiving
antificial vengilation and s recovering from a general
anacsthetic, and so may struggle to meet the increased
ventilatory requirement. Increasing the minute volume



during surgery should allow the maintenance of a normal
Pac, to prevent this scenario developing. In patients
ho ar abese o e rspiratry disise the chings
in compliance described pr

bt in many patients V/Q
o e e ke ey e SR U
dictable end-idal to arterial Pco, sradient and
measurement of Paco, may be required.

REGIONAL ANAESTHESIA

Epidural o spinal anaesthesia may be expected 1o influ-
ence the respiracory system, either by a central effect of
drugs absorbed from the spinal canal or by affecting the
strength of contraction of respiratory muscle
waps. ™ These cffects are generally small, but of grest
importance in view of the tendency to use regional
ansesthetic techniques in patients with respiratory

commonly employed. Significant reductions in forced
sital capacity and pesk expiratory flow have_been
ported after spinal anacsthesia, " with lesser changes
Tolowing epial anacsthesa ® Peak expiratory pres-
are, & measure of abdominal muscle activity, was also
decreased after lumbar cpidural for caesarean section,
particularly when bupivacaine was used

Oxygenation durins epidursl anaesthesi s larsely anaf-
fected. by Hedenstierna's group, lumbar
epidural anaesthesa prodiced mo changes in V/Q rela-

In & stud

atelectasis except in one subject with a highs
normal body mass index in the lithotomy position.”

RESPIRATORY FUNCTION IN THE
POSTOPERATIVE PERIOD'**

Early postanaesthetic recovery

A e . alveolar PO: may

is aleady sbnormal (Chapter 14)

Control of breathing. Thoracic epidural amesthesia
may cause a small reduction in resting tidal vohame as 3
result of reduced ribeage movement.'% Predictably
chis docs not occur following humbar epidural anaesthe-

sia.™ Studies of hypercapnic and hypoxic ventilstory

Lumbar epicurals have been
ported to increase the response to hypercapnia* '
wwhich is believed to be stimulated by ansiety (che stucy
was performed immediately prior to surgeny)™" or
becmse cf 5 it siguita fist o Ugpacane o0
b i sy e e st veatlatey
A G
but lumber cpidurals may
response o hypoxia by a
mechanism. "7

tilation in

underscood

poory

Respiratory muscl function has heen extensively studicd
using EMGs and the DSR during high lumbar (block up
toT1 dermatome) cpidural anaesthesia and confrmed
the rediuced contribution of the ribcage to resting venti-
aton. Fanctionsl resual capacty was increased by
300ml 35 3 result of both caudad movement of the
diaphragm snd reduced thoracic blood volume. Tn spie
of these changes, most respiratory function measure-
ments_ remain_ essentilly unchanged during cpidural
anaesthesa with only sall changes in forced vital capac-
ity and pesk expiratony flow rate. The stuation s quite
diffeent in laze pregnancy, when regional anaesthesia is

redus , which dilues
a\vmhr o (iffsionbypori)and crben did,
this cffect is usually transient. Hypovia is very
common
monitoring is often interrupted. " Airwvay obstruction,
often associsted with residual muscle paralysis, is
common potentil cause of hyposia shortly after anacs-
thesia. This may be compounded by the residual effects
of anesthetic agents on ventilatory control that have
been described sbove. Bath reduced FRC and the
increased alveolar/arterial PO gradient observed during
anaesthesia ustally return to normal during the first few
cr minor operations

Late postoperative respiratory changes
Following major surgery, the restoration of a normal
olar/arterial PO gradient may toke several days and
St o s e i There are sVl S
tributory factors.

Lung volume and atelectasis. There is  continued recuc-
tion in FRC, usnsly reaching its lowest value 12 days
postoperatively, before slowly returning to normal values

week ! Reduction of the FRC is greatest in
patients having surgery near the diapl

Sorni o s having major surge

effects of these changes on V/Q relationships and
asygation will be il t0 those seen doring anses-
thesia, but the provision of adequate inspired ovygen
concentration is nanw far less relable.




S e i Sl
volum,

ok o onoey o vt o il deed agetheandy e

owing surgery, partiularly f pain control is inadeguate.

Lapsoscopic surgery i agi ssoched with s bue

il sig eductions in hung function and the

e e R

i sleep, particularly in 2 patient receiving
epio sndgesc, fereare o eplais of abstructive
apnoca. These episodes anally described as
oceuing during the first postoperative night'™ but may
continue for at least three nights, particulaly in associ
ation with rapid eye movement (REM) sieep, which is
wsually absent on the first postoperativ night.

Respiratory muscles.” Diaphragmatic dysfunction is 2

term that n used to describe changes in the

patte of contracion of respistory muscls in paents
diaphrs

challenged, rainly om the grounds thi
unction sre largely indirect and

v
s shapeoy o oy e s changss
diaphragm activty

Sputum retention occurs in many_patients following
Surgery, General ansesthesia, particularly with a tracheal
e, causesimpairment of mucoclry transport i the
Sermelfs s o e nle e e
tive period, This,coupled wich rechced sl
atclectasis and an ineffective cough, i
prensiashiiibdiliditt i
pneumonia. Many of these factors are more pronounced
in smokers, who are known to be more susceptible to
chest complications folowing major surgery (page 291).
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Chapter

Changes in- the carban

dioxide tenslcn i

KEY POINTS
= Hypocapnia occurs when alveolar ventlation s
excassive relative to carbon dioxide production
and usually esults from hyperventiation due to
yporia, acdoss or ung discase:

Hypercapnia most commonly occurs because of
inadequate alveolar ventiation from a multitude.
of causes or, more rarely, rom increased carbon
dioxide production.

Aneral Peo, affects th cerebral ciculation:
hypocapnia may cause potentially harmful
vasoconstiction, whereas vasodlaton from
hypercapia may increase intracranidl pressue.
Hypercapnia and the resulting acidosis both
Have depressant ffect on the cardiovascular
system, butthese are opposed by the stmulant
effects of cotecholamine release.

Routine monitoring of end-expiratory and arteral PCO;
should now be possible <o svoid both hypo-
and bypeccapia unde almost all elinical circumssances
Hawerer, interese in hypercapnia has continued over
s for two ressons, First, changes in the
approach to artficial vencilation in severe fung injury
Have lod to the use of ‘permissve hypercapnia” (poge
414). In order to mininise pulmonary damage, minute
volume of ventiltion is maintsined deliberately low
aod she sl PO sl 1 e S,
expunsion of laparoscopic surgicl techniques,
Scrinal st

g e
hasled ta the anaesthetist having to conteol arterial PCO;
under conditions of significantly increased pulmonary
carbon dioxide output (page 315
Before describing the effects of corbon dioxide on
various physiological systems, this chapter will bricfly
outline the causes of changes in arterial PCO

CAUSES OF HYPOCAPNIA'

iyl el i sheole rlion
that is excessive i relation to carbon dioxide produc
tion. Low values of a
found, resulting from a
ous minute volume or
du to psychological disturbance such as hysteria
arterial PCo; may ol
ion during arterial puncture. Persistently low values may
due to an excessive respiratory drive resulting from
ane or more of the follawing cases

rtersl PCOy e commonly
artificial sentiation with a gener
from voluntary hyperventlstion

Alow
5o resule simply from hypersentil-

Hypoxaemia is a common cause of hypocapia, occur-

ring in congenital heart discase with right-to-Jeft shunt-

ing. esidence s igh i, pulmonary puthology, o

any other conditiontha

e ahout § kP (60 i) Fio
wpoxaentia opposes the vetilatory response to the

hypoxaemia (page 66).

Metabolic acidosis procuces a compensatory byperventi-
ation (st hunger), which mimimises the fall in pH
that would otherwise occur. Thisis a pronaunced feature
of dishetc ketoacidosis; anteral PC

s below

R
ng teacheal intubation, leads to a rapid lfe-threatening
decrease in arterial pH.

Mechanical abnormalites of the luns may drive respira-
onthrnh the v vt s edicton
of the PEOs. Thus condidonssuch s palmonry -
s plmonary oedeta nd sthmare Sl prssocaned
with a low to normal PCO, until the patient passes into
G vt o e 855

Weurlogial dsordrs may resi in bypeventlation

and hypocapnia. This is most commonly seen in

e Lottt i i e
TR



Changes in the carbon dioxide tension

el following head njury
subsrachnoid haemorrhage.

‘CAUSES OF HYPERCAPNIA

It i uncommon to encounter an arterial PCO; above the
normal range in s healthy subiject. Ang value of more
timn 61 kB (46 ki) shod b comidered bmon
mal, but values up & 8 (50 mmkg) may be
i by breaeh hlding e il o o heokby
ced this level by any respiratory manoet-
vre other than by breathing mixtures of carbon dioxide
in axygen.
When a patient is hypercapnic, there are only four pos-
sible causes. These should be cosidered systematically
follows.

cause of long-standing hypercapnia is chronic obstructive
iy dacse Thee e ossible causes

Fiue 27.2), inchding medulry depresion by
drgs, nersmusel blockde,repirtory obircion
and restriction of the lungs or chest wall

many other possi

trsaed deodspace. Thisrre cause of bypercaeis
usually by a process of exclusion when a
patient has a high PCOy, with a normal minute volume
and no evidence of a hypermetabolic state or inhaled
carbon dixis. The cause maybe incorectly confured
breathing apparatus wely large alveolar
oo space (pae 120), Thi ight e e 10 plmonary
embolism o a cyst communicating with the
bronchial tree and receiving, preferential ventilation.

dingnosed b

tracheo-

EFFECTS OF CARBON DIOXIDE ON
THE STEM

gas. This atcogenic cause of hypercapmia is uncom-
mon b it s dangerousand iffrs andamenally rom
the other cases lsted below I shold therclore be
n any paticnt snespectedly
found o be hypercapnic when breathin from o bein
ventlted by exemal eqipnen. The abon diide
may be endogenous from rebreathing or exogenous
on harc et s e el e Thc it
o very rare s a supply of carbon dioxide is not pro-
vided on modern anacsthetic machines. Hypercapnia
from ebresing fs more common bt ot s
sexerity i limited by the rate at which the PCO; can
incresse 1l the carbon dioxde produced by met-
o s resined and disebuted I th. body strss,
arterisl PCO; can increase no faster than about 04
05 KPamin (3-6 mmbig min-).

Increased carbon dioxide production. I
minute volume is fixed by

the pulmonary

antificial venilation and
example,
Lk

0,
A less dramatic, but very common,
i e
leading to pyresia, which often results in hypercapnia in
anifically ventilated patients

Thouh oo sl an s nprdicton, o
ton of cabon dionde from the pertoneum during
laparoscopic surgery same respiratory effcts and
s deseribed on poge 318.

Hypoventilation. An inadequate pulmonary minute

volurme is by far the commonest cause of hypercapnia.

Pathological cases of hypoventilation are considered in

Chapter 27. In respiratory medicine, the commonest
328

A number of special diffculics hinder an understanding
of the cfcs ofchanges in PCO: o
system. Firs, there s the problem
hich i 8 ormidable bmecle 10 the mterpreation of
animal s in this 5 in other felds. The second dif-
ficulty ariss from the fact that casbon dioxide can cxert
its cffect cither directly or in consequence of (respira-
tory) acidoss, The third diffculy arises from the foct
chat carbon dioxide acts at many different sces in the
body, sometimes producing oppasite cffects on a patic
wlar function, such as blood pressure (sce below).
Carbon dioxide has at least five major effects on the

brain.

+ It is a major factor governing cerebral blood flow.
pressure through changes in

i oo it s plysica poperics which e
similar to those of nitrous oxide.

+ Itinfluences the excitability of certain neurones, par-
ticularly relevant in the case of the reticuloactivating
system.

The inerply of thes ffects s diffcu o udersand.
althous gross changes produced are well
i

Effects on consciousness
Carbon diovide s long been Known 1o cause uncor-
sciousnes in dogs entering the Grotto del Canc in laly,
where carbon dioxide issuing from a fumarole forms 4
layer ncar the ground, It has been widely used as a



routine anaestheic agent for short procedures in small

lsboratory animals. Inalation of 30% carbon dioxide is

dioxide narcosis occurs when the PCO rises above 12—
16 kPa (90-120 mmHy

S e e pivbably b e i
rily to its inert gas narcotic effects, because its ol sol

Narcasis by carb

Mechanisms. In the intact animal, cerebeal blood flow
(CBE) is increased in response to PCO: by 2 combina-
tion of vasodilation of cerebral blood umg e
increase in blood pressure (see below). in PCO:
lead to 3 complex sres of events that haei
f cxrinl blsod vesle? ks, the
ted

©
the region of the ke which shes nrcele
calcium levels both dircctly a

iy el o than it seems

It is likely that the major effect on the central
nervous system is by alteration of the intracellular pH,
with consequent derangements of metabolic processes.
In animals the narcotic effect correlates better with cere-

ing low concentrations of carbon
s T ol S o e e ekt on
age 279,

Cerebral blood flow*

Corsbeel bl e (CB) oot e el
at a rate of about 7-15 ml.100 g min
e R s
i she sppresitae ange 310 kPa (20180 menHgh
I curve is S-shaped (Figure 23.1). The
sponse at very fow PCO; is probably limited by the
vasodiltor cffcct of tissue hypoxia and the respanse
above 16 kPa (120 mmHg) seems to represent maximal
sasodilatin. The changes shown in Figure 23.1 repre-
st he bain as 2 whoie and i i ot pssble o gener-
r jonal changes. There is some evidence
T Coionritis regond vrtiom incitbot dioside
55 cxist within the human central nervous

Fties Sl duneites
¥ chaee B o blos g fervn evard
line after a few hours,*” an effect thought to result from
changes in cerebrospinal fuid pH corcecting the extra-
cellular scidosis. Hypercapnic cerebral vasodilation in
i s el i g 3 ke, ffe
S el et of prostaglandins
and cyclic AMP

Pathological effects. Sensitivity of the cerebeal circula-

tion to carbon dioxide may be lost in a variery of patho-

o o g el i
There is commonly » fixed vasodilation

g rise to so-called luxury perfus

brain tisue and actually decrease perfusion theough
fschaemic areas that have lost their response to carbon
dioxide, an effect referred o as intracerebral steal. The
ceverse phenomenon may occur when PCO is lowered
n patients with an area of luxury perfusion. Vasocon-
al tissue may divert
area of huxury perfu-
sion, which has no ability to respond to lowered PCO,
ect known a5 the inverse ste

Anaesthesia. All inhalational anacsthetics have 2 direct
cerebral vasadilator_effect and increase normocapic
CBF considerably.* * They also accentuste the responsc
‘o both bypocapnia and hypercapnia that s, they
increase the slope of the relationship between PCO; and
CBF (sce Figure 23.1). In spite of the increased slope
during hypocapnia, global CBF during anacsthes
ypencnilion is nomally il et wlhen
awake. Intravenous anacsthetics such 2s thiopentone””
ind propofal redce CBF . normal in acco
dance vith the reduced cerebral oxygen consumption.

sl by
» ® @ m w

g w

g

3o

g -

£
T T

T 5 w0
Atera ooy )
Flaure 231 ety of el bod o el
in awake and anaesthetised patien

i response to hy
s to oceur (sce Figare 23.1), but at deeper levels of
ansesthesia. the response s reduced compared with
when awake* Even so, hyperventlation during deep
thiopentone anacsthesia. has been shown o reduce

contin-

R



Changes in the carbon dioxide tension-

jugular venous oxygen PO indicating  significant reduc-

Intracranial pressure (CP) tends to rise with incressing
PCO,, probably as a result of cerebral vasodilation.
Hyperventilation was used for many years as a standard
method of acutely reducing ICP after head injury," but
the reduction in ICP may only be short-lived and the
effects on CBE are variable. The possibiity of increased
CBF as a result of lowered [CP must be offset against
reduced. CBF from hypocapnic vasoconstriction. It is
therefore preferable to monitor [CP an invasive tech-
nique only available in specialised units dealing with
headtinjured patients. Recent recommendations on the

sagement of hed injury therefore advise that hyper-
ventilation should enly be wsed to reduce ntracranial
pressire when ocher. therapeutic. approaches. have
filed.

Effects on the autonomic and endocrine systems.
Sunvival in severe hypercapnia 5, © a large
dependent on the autoromic response. A great many of
the effects of carbon dioxide on other systems are due
swholly or in part to the autonomic response 1o carbon
dioxide.

al studies'”

have clearly shown an increase in
th adinale and corscrendne o

) there is an abrupt rise of
hough varisble, changes have been
obtsined over a lower range of PCO in human volun-
teers inhaling carbon dioxide mixtures. ™ * The increase
inctecholamin vl s makedy tenuated by cithes
 administration of clonidine.™
increased level of circulating <ate-
cholamines is, to a certain extent, offset by s decreased
sensitivity of target organs when the pHL is reduced. This
is additional to the general depressant direct effect of
There is also evidence

dioxide, result
Acetylcholine hydrolysis is recuced at low pH and ther
foe corain passsympathetc offects may be enhanced
during hypercapnia.
EFFECTS ON OTHER PHYSIOLOGICAL SYSTEMS
Respiratory system

5 describes the sole of carbon diovide in th
contol of breathing and thisis not discussed further here.
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techalamines e 3lmost back to ontrol values, Data from
aence 173

Pulmonary circulation. An elexated PCO; causes vaso-
constrction in the pulmonary circulation (page 102) but
the effect is less marked than that of hypoxia. Never-
theless, in healthy subjects an end-expiratory PCO: of
7kPa (52 mmHg) increased pulmonary vascular resist-
ance by 32% which, along with elevated cardiac output,
Ied 193 60 incres i mean plmonary s pre:

Although regional variations in blood

(HPY, page 101), tending to diver blood
e e M T O s e
ates HPY in animals, though this has not been described
in humans. There is evidence from hoth animal™* and
human®® studies that pH is the factor responsible for
CO--mediated changes in the pulmonary vasculsture,
cather than PCO, per s

Oxygenation o the blood. Quite apart from its effect on

alveolar gas can increase only at
oxyzen, which must be displaced. Sec




igen dissocia-
(page 178). Finally, in animals,
chenges in PO, are known to affect the distrbution of
ventilation/perfusion ratios as measured by the multiple

s climinaon technique (page 113). Tis resls

in PCO; causes a displacement of the ow
tion curve to the right

from changes in pH influencing pulmonary vessels
described i the previous parsgeaph, as well 3¢ causing
changes in the size of small-diameter bronchi

Cardiovascular system™

The effects of carbondioxide on the circulation are
complicated by the altermative modes of action on
different components of the system. In general, both
bypercapnia and acidosis have direct depressant effects
on car yoete aed viscular smaath sl cell
ffctsthatare normaly pposed by the ate-
hairings st b, el POy Undes iforent
circumstances thest Focts make the overall
effect of carbon dioxide on the cardiovascular system
umpredictable,

g

Myocardial contractilty and heart rate. Both contractilicy
and heart rate are diminished by elevated PCO- in iso-
lated preparations, probably as 2 result of change in pH.
However, in the intsct subject the direct depressant
effect of arbon dioxide is overshadowed by the stimulant
effect mediated through the sympathetic system

- rases cardiac

pler echocardiography show similar a.,..wr With
ey expiratory PCO; of 7kPa (52 mmHg) cardie
output was inc
increases in both heart rate and stroke volume and accom-

e < response of cardia ot t bypercapnia
s diminished by most anacsthetics.

effect seen in both conscious and ansesthetised patients.
However, the response is variable and certainly cannot
be relied upon as an infallible diagnostic sign of hyper-
capnia. Hypotension accompanies an elevation of CO;
i there i bockad of the symptheic ytem by for

xampl, spinal amaesthesia. There s general agreermeat
T ypotendon follows & sadden ol of an clevted
Peo,

Effect on the kidney

Renal blood flow and glomerular fliation rate are litle
il o s et Pl el high
lexels of PCO; there is constrction of the glomerulsr
P s LR e
<apia resuls in increased resorption of bicarbonate by
the kicneys, fusher rising the plasma bicarbonse evel
‘and constituting a secondary or compensatory metabolic
et e
borate sorpion, reulting in 2 furher fll of plams
lsthonste ko prccing s secodiey or compltiry
tabolic acidosi. In each case the arterial pH returns
ovwaeds the mormal vau but the bicarbonate on con-
centration departs even further from normality

Effect on blood electrolyte levels

The acidosis that accompar capnia_causes
el 4 poam o oy e ol e
plasma” Hepatectomy has demonstrated that much of
the potassium comes from the lver, possbly in associa-
obilsed in espanse to the rise

Because it takes an appre-
ported back

tion with glucose shat
in plasma catecholamines. ™

hypercapnia at short intervals sesult in a stepwise rie in
potassium.

‘A reduction in the fonised fraction of the total calcium
s, i the oot bee thought o be the e of the
tetany that accompanies severe hypocapria. Howe
e A T e e
ars thyroid discase only when
there has been 3 ity o s o ieed
caleium affects all nerves and spon-

acute hypercapnia, but seldons seem 0 be of serious
import. One study of normal subjects with modest
e of byoicapee . b i s
increase in QT dispersion of the _electrocardi

during hypercapnia. This finding reflects regional repo-
larisation abrormalities of the ventricles and under other
circumstances, such as ischacnic heart disease, indicates
a propensity to develop life-threatening arrhythinias.

Blood pressure. As described sbove, an elevated PCo:
wsuslly causes a small increse in blood pressure, an

tancous activity ultimately occurs. The muscle spasms
probably result from activity in proprioceptive Fbres
Causing reflex muscle contraction,

The effects of long-term small elevations in inspired.
carban dioxide are described on page 279.

HYPERCAPNIA IN CLINICAL PRACTICE

Clinical signs

Hyperventilaion is the cardinal sign of hypercapnia due
i increased concentration of carbon dioxide in the




whether it be endogenous o exogenous
in the paralyse

imspired gas,
However, chis sign will be absent.
nd also in those in whom hypercapy
ypoxenlation. St peicriimcucing ehose Wil
pulimonary disease, constitute the
72 oty hoe e copris

Dyspnoea may or may ot be present. In patients with
Sl Rlbie of ey one, dysmmoes ey be
eniely sbsent. On the okher hand, when hypoventia
tion results from mechanical falure i the respiratory
i, pneumothoray, pulmonary

chronic obstructive

active pulmonary

syl Theblood pesur 4 ofen e bt i
is not  relable sgn. Muscle twitchings acter.
istc flap of 3 s
smminens. Convulsions may occur. The patient will
become comatose when the PCO; is in the range 12~
16kPa (90120 mmblg) (see sbove). Hypercapnia
should always be considered in cases of unexplained

Hypercapnia cannot be relably dizgnosed on clinical

camination. This is parcicularly true when there is a
neologil bass for ypoentision. Now tat i s
become o simple to messure the arzeial PCO;, an arte-
ial sample should be taken in il cases i

Gross hypercapnia
Relatively few cases of gross hypercapia are docu-
mented, but there are sufficient to indicate that com-
plete recovery from gross hypercapria without hypoxia
ossible and may even be the rule.* One report from
1990" detailed five instances of hypercapnia without
hypoxia in children with arterial PCO; values in th
range 21-3 55-269 mimHig). All were comatose
or stuporose, but recovered. A si
nassive grain sspiration reported survival following 2
of 66.8 kPa (501 mmHg).* Thes
that, of the reported cases, full recovery seems o be the
usual outcome. Hypoxia seems to be much mare dan-
serous than hypercapnia
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Chapter

2 4 Hypoxia

KEY POINTS.
 Intracellular acdosis from anerobic metabolism
occurs soon after the onset of cellular hyporia
andis vorse when hee s plentfl upply of
glucose to the ce
B Lackef hxghenugy substrates such as ATP and
jpoxia both inhibit the activity
e
potentialof the cell, leading to increased
intracellular calciur levels.
I nervous tissue the uncontrolled release of

tain the normal level of ATP production. Therefore,
during hyposs, he ATF/ADE (adenosin diphsphate]
satio falls and there is a rapid decline in the level

1 Righvenergy compounds (g 34.1) Veey smlr
changes occur in response to arterial hyporension. These.
changes will sapily block cercbral function, but organs.
requirement will continue to func-
i and are thus more resistant to

).
Under hypasic conditions, there are two ways in

of bich i f il

damage.

fa also causes the activation of a
transcription protein, HIF-1, which induces the.
production of several proteins with diverse
biological functions.

Clapter 1 explained how all but the simplest forms of
life have evolved to exploit the immense advantages of
axidative metabolism. The price they have paid is to
become dependent on axygen for their survival. The
essential feature of hypoxia s the cessation of oxidative
phosphorylation (page 184) when the mitochondrial PO-
Bl blo el el sl sty e
icular the glycolytic pathway (see 1113), chen
e i el 8 Complss e o el
lar changes leading first to reduiced cellular function and
altimately to cell death.

BIOCHEMICAL CHANGES IN HYPOXIA
Depletion of high-energy compounds

igheners
s o conte ATES an il this slows the rae of

of adenosine monophosphste (AMP) (the adenylate
Kinase reaction). This reaction is driven forward by the

xanchine and wric acid,with rreversibl loss of acenine
mucleatides. The implications for production of
axyzen species are discussed on page 353.

End-products of metabolism

end-products of acrobic metabolism are carbon
dioxide and water, both of which are easily diffusible and
lost from the body. The main anaerobic pathway pro-
duces hydrogen and lactate fons which, from most of the

£ the hypoxi
can only occur when circulation is maintained to provide
for conversion to

Anaersic metsbolsm produces coly i
of the yield of energy phosphate compound
aderosine m;lhosphmc (ATP) per mole of glucose
compared to aerobic metabalism (page 186). In organs
with 2 bigh metabolic rate, such as the brain, it is impos-
sible to incresse glucose transpart sufficientl to main-

33

lactic acid

In severe cerebral hypoxia, a major part of the dys-
function and damage is due to intracellular acidosis
rather than simply depletion of high-cnersy compounds
(see below). Gross hypaperfusion s more damaging than



/

Mechanisms o hyposic coll damage

Figure 20.1 Biocharical changes during 4
minutes of respiratory arrest i rats previously

starting puimenary ventlation.
(Data from eference 1)

Prosphociestine

Minutesof sprosa

total ischacia, because the ltter limits ghucose supply
and thezefore the formation of lactic acid. Similarly,
patients who have an episode of ¢
e ypermcacaie (s a oohe) eve bon fod o
have more severe brain injury than those with normal
or low blood glucose levels at the time of the hypoxic
event.!

iitiation of glycolysis*
The enzyme 6-phosphofructokinase (PFK) is the rate-
limiting step of the slycolytic pathway (see Figure
11.13). Activity of PFK is enbanced by the presence of
ADP, AMP 2nd phosphate, which swill rapidly accumu-
lute during hyposia, thus accelerating glycolysis. PFK
s, however, inhibited by acidosis, which will therefore
quickly from glucose and
may even result in hyperglycaemia. The intracellular
roducion of phoshate Fom AT? b akdown alko
e he scivity of gycogen phrphoryse, which

the formation of ATP

diture of two molecules of ATP in its deriation from

gloses Tidms bimmolanles of ATP are produced
o of fructose-1,6-diphosphate, in comparison
with o fom one melecule of licose There s no ub-
way that is \.,,mf.,
o O ol i e o abireree
provides a valusble reserve for the production of ATE

MECHANISMS OF HYPOXIC CELL DAMAGE

 mechanisms contribute <o cell damage or death
P s Tha st sl et e o
there is general sgreement that different issues respon
<o hypoxia in quite varied ways. Also, the nature of the
byl i sl i differing speed of

set, desree of hyposia, blood flow, blood glucose con-
centration and tissue metsbolic sctivity all influencing
the resulting tissue dysfunction

Immediate cellular responses to hypoxia®

Because of the dramatic clinical consequences of nervous
system damage, neuronal cells are the most. widely

studicd and therefore form the basis for the mechanisms




Cel death ey

f Time

fons across the cell membrane, leading to cellular
destruction.

Caldam, Insacelr calium concentrton increses
shorely after the anset of hypoxia. Voltage-gated calcium
e e e .u,.,b transmembranc

fcrase in el ciléum is genrly harmil
sig the activation of ATPase enzymes just when A

v ek e L
damage sarcolemma and the cytoskeleton, and the
uncontrolled release of neurotransmitcers (sce below).
At this stage, the cell has probubly not been iretievably
amased by spontancous depolarsation, but

ment of calcium channel function effectively prevents

lerange-

Figure 242 Chang

onset of anoxia. Significant physiological evets i the course of

formed from the degrada.
tion v of AME it ks beheved t0 play a role in blocking

eaches zero, cll death is aimost ineviabl (s tex or detals
The tim between anosia and rapid depolarisatin i highiy
Varibie, betvieen about  minutes with complete schaema to
almostan hour with hypoxia and preserved blood flow (After
reference 2)

described in this section? Changes in the transmern-
brane porenalofa yporc nton e shown n e
242, along with the major physiological changes that
e e NS ks ety
become cither slightly hyperpalarised (a5 shown in
Figure 24.2) or depolurised, depending on the cll type.
“This is followed by a aradual reduction in membrare
potential until & “threshold” value s reached, when 2
spontancous rapid depolaristion occurs

there are gross abrormalites in ion chann
and the normal intracellular and e\lm(ellular i
ents arc aholished, leading <o celldeat

P o e g et

Excitatory amino acid release’ The excicatory amino
acids glutamate and aspartate are released from many
neurones at concentrations al carly in.
the course of 2 hyposic insult, followed by furcher dra-
matic increases after rapid depolarisation. Glutamate
reuptake mechanisms s il and cxrocellar concn-
evions culoky resch nearotasi evels  acing v the
N mmommm NMDA) receptor. el with
nergy stores are p:mmlavl» scepibles s
(e mechuom by whi d aspartate bring
ey

Delayed cellular responses to hypoxia
Following brain injury in humans, cerebral ocdem often
continues to develap for some hours after the initial
insult. There are several possble explanations for this
delayed domage, with activation of man
different cellular systems being implicated, However,
itis a quite different clinical problem that has recently

layed neurons|

on potassium channels, increasing
s R S e
ion. Potassium besins to leak out from the cell, increas-
ing the extracellular K concentration and ths tending
o depolaris the cell membrane. Potasiu leakage and
<adium influx are sccelerated when falling ATP levels
cause falure of the Na'/K'-ATPase pump. Following
e L e
probably simply remain open, allowing free pussage of

The
core of many solid malignant tmours has a poor Blood
supply, caused by the falure of angiogencsis to kecp up
with the rapid eumour seovth. Tamour hypovia is asso-
ciated with highly maliznant, agaressive twmours, which

A it s £y i 1 descoping mei
therapeutic approzches



Oxygen transport

Increased VEGE Anglogenesis
blood flow

NOsynthase Vasodilation
ATP production  Glucose transporter-1

Hexokinase.

ase.

Pyruvate kinase

Lactate dehydrogenase.
PHcorrection  Carbonic anhydrase
Inflammation _ Interleukin<, 8

Transferof glucose into cell

Glycolyss (see Figure 11.13)

Bufering of metabolic acdosis
Activation of inflammatory cells:

VEGE, Vascular endothelial growth factor; NO,niric oxde-

‘Tible 24.1 shows the mumerous gencs thit may be
induced

by s Mot of the systems i by
the cell in overcoming the hyposic condi-

activated genes may
accelerate cell proliferscion and therefore increase
tamour malignancy, whereas others are activated that
encourage apoptosis and impai twmour growsh,

Hypoxiainducible factor 1 (HIF-1)"* Many of these cel-
lular adaptations to hypoxia are mediated b

3
H

prolyl-hydrosylase protein (PHD-1) rapidly hydroxy-
lates HIF-1, rendering it insctive. Oxygen is required 2
a cosubstrate for this reaction, such that when cellular
hypoxia oceurs hydroxy ID-1 fails and HIF-
Lremains stable o o oough o it tsscipton
of some of the hy genes shown in Tible
241 scen as a major pat
tal carget for therapeutic agents to treat malignancics
prone to tumou hyposia

flation by PHI

Ischaemic preconditioning™'*
Prior exposure of 4 tissue o a series of short periods of
hypoxia, interspersed with normal oxygen levels, has
been found to influence the tissue's subsequent response
0.8 prolonged ischaemic insul, 2 know
as ischaemic preconditioning. Thovs
e e e b
demanstrated in many other tissues.

Early protection, Reduction in the damage occurring

from an ischacmic period begins immediately after the

channels helps to maintain the transmembrane potentisl
nearer to normal and s slows the rate of pro-
gression of the immediate cellular responscs to hypoxia
described above. During prolonged hypoxia, fluid and
electrolyte imbalances also accur across the mitochon-
drial membrane, impairing the abiliy of the cell to make
best use of any oxygen remaining in the cell. Acti-

proteins and protein kinase C to cause activation of the
v channcls.

protection. This describes the protection from
ischaemia scen sbout 12 hours after the preconditionin
and is less effective than early protection. It is 2
mediated by activation of Kur channels, this time
brought sbout by gene transcription of proteins such as
inducible nitric oxide synthase, superoxide dismutase
(page 355) or cyclooxygenase (page 205).

sgin

thetic preconditioning.”™” Several drugs, but par-
ticulrly. inhalational anaesthetics, canpreconditi

cardiac muscle in a manner similar to brief ischaemic
episodics. The mechaniam i eso similar, with most of the:




2 sl
Oxygen transport  Enythropoietin

Transferrin Iron transport
Increased veGr Angiogenesis

blood flow

NOsynthase Vasodiation
ATP production Glucose transporter-1

Hexokinase.

Aldolase.

Pyruvate kinase

Lactate dehycrogenase
pHeorection  Carbonic anhydrase
infammation  Interleukin®, 5

2 laeeny
Stimulation of red cell
roduction

Transferof glucose into cell

Giycolyss (see Figure 11.13)

Buffering of metabolic acdosis
Activation of inflammatory cell:

VEGF, Vascular endothelial growth factor; NO,itric oxde.

Tible 24.1 shows the numeros gencs that may be
ndeid ) byese o o i Sytems scthved by
hypoxia assist the cell in avercoming the hypoxic condi-
tions, for example erythropoietin 0 increase haemo-
jeolytic enzymes to increase.

ome activated genes may
accelerate cell proliferation and cherefore increase

jgnancy, whereas athers are activated that
encourage spoptoss and impair tumour grovwth.

Hypoxia-inducible factor 1 (HIF-1)." Many nnm el
Hular adsptations to hyposia are mediated by 2 tran-
clld HIF-1: Undor norml

scription-regulat zprvtcm
conditionscytoplasmi

oty 1
s it s O s e
 eosubtete or this reacion, such that when celllar
bypaiaccus byl by PEID. Ll o HIF-
or long enough to fneate transcription
e i et i e
24,1, The HIF-1 system is novw seen as a major poten-
tial target for therapeutic agents to treat malignancies
prone 1o tumour hyposia

Ischaemic preconditioning™*
Prior exposure of a tissue o a series of short periods of
hypoia, interspersed with normal oxygen levels, has
been found to influence the tissue's subsequent response

uscle, ichaemic precondiioning as been
e it ik b o

rotection. Reduction in the damage occurring
from an ischacmic period begins immediately after the
preconditioning has occurred and lasts for 2-3 hours.
Activation of sarcolemmal and_mitochondrial ATP-
dependent K channels (Kicz) is believed to be the main
mechanism by which protection from ischaemia occurs.
After preconditioning, the enhanced activity of Ko

i sanges occr, Extracellular triggers

that bring shout preconditioning include adenosine,

purines, bradykinin or catecholamines, al acting via G-

proteins and protein kinase C 1o cavse activation of the
s

Late protection. This describes the protection from

ischaemis scen about 12 hours afcer the preconditionin

and is less effective than early protection. It is again
F K chi

whase, superoxide dismutase
(page 355) or cyclaoxygenase (poge 205

Ancesthetic preconditioning.”* Several drugs, but par-
ticularly inhalational anaesthetics, can precondition
cardiac muscle in a manner similar to brief ischaemic
episodes. The mechanism s also similar, with most of the




G

effective drugs somehaw enhancing K channel activicy

Unfortunately, impressive lsboratory studies of 2naes

thetic preconditioning have so fa failed to translate into
sl benelic, possiby because of an naily

factors besides arterial PO, inchuding hacmoglobin con-
centration, tissuc perfusion and tissue oxygen consump-

These factors accord with Barcroft's classification
S s st seseac an i G190

pmmamon.,\b asthat of normal myocardium.

PO, LEVELS AT WHICH HYPOXIA OCCURS

Cellular 0,

Critical POy’ refers
cellular metabolism fils

to the oxygen tension below which
For isolated mito-

and possibly
cells* despite ther large oxygen consumption. Venous
PO. approximates to end-capillary PO; and, though
bighly variable, this is usually in cxcess of 3kPa
(=20 mmHg), even in moximally working skeletal
mscl. Ths vith the minial PO inth ety cp-
illary pproximately 20! er than that
requied Tyt nochondta it f ik 19 evige
how cellular hypoxia can occur in all but the most
extreme situations. There are reasons why thisis not the.
Measurement of intracellular PO is difficult. The most
widely used technique is applicable only to muscle cells
‘and involves measurement of myoglobin saturation, from
which PO; may be determined. These studis have indi
cated that intracelllar PO is i the range 0.5-2KkPa
5 mmks) depending on cell actvity:* Many studies

als indiated & minimal difrence between the
Fon ol i ® This would
inchcts poslystiraskal st b e dffsion
la extracellular fluid. Finally,

diffusion of axygen within cells is believed to be slow

22

i cells®

order of 0.5-1 3 kPa (3-10 mimHe), much closer to the
end-capllary value."
was for many years though to reflect the

probably remain f
a useful and practicsble measure o
of oxygenation of an organ. For example, consciousness
is usually lost when the internal jugular venous PO falls
below about 2.7 kPa (20 mmH) whatever the cause.

c

I arterial Po, for cerebral function

The minimal safe lovel of arterial PO is that swhich will
maintain a safe tissue PO,. This will depend on many

E

which shown as a Vern diagram (see
Figare 11.16)

“This argument may be extended to consider in which
circurmstances the venous PO, (and by implication tissue
Pou may il belo it il leve corespondin, iy
momal b, 1o 32% sturion and agen corent of

bie R e
o et s m,mu flow of 630 mimin, the
seralfvnous onygen conens diference il be

Ll Theistors with armal cesral peion
s
spond toscrical el g corentof 13
Saturstion 68% and (36 mmily). This
alstion nd thrs .mdm.w..m. ifferent conditions

outin T

it e bor salics(bove) wil b

ably not be normal. They may be unfarourable 3 2 result
of mulile plgis n e patient (e2. anaemia or 3
docreased cerebral blood flow). Alternatively, there may
e Bvoratie fucor,such s bolyeythocmi a chronie
arterial hypoxaemia or redced cercbral oxygen reqire-
ments during hypothermia or anacsthesia. The possble
combinations of circumstances are so great that it is

 feasible to consider every possible sitation. Tnst

s e e
lluserate the undamental of the problem, and these are
shown in Table 24.2.

A towofold increas in cerebral blood flow would allow
the areerial PO, o decresse further from 48 10 3.

(36 to 27 mmHe) before the cerchral venous PO:
sesched 27 kPa (20 moma). This i imporcant, 3s an
incresse in cerebral blood flow may be expected to
follow scvere hyposia. Polycythaemia (e 2 hacmoglo-
binconcencaion of 18zl ) docs ot cofer e same
desrce of benf snd the cridal el Po wold
o e 43P (3 manti), Ak, which

expected to result from the hypoxic drve to respiration,
confers no advantage a1 all. Considerable advantage
derives from hypothermis, owing to the seduction in
cerebeal metabolism, but not the shift of the dissocia-

Uncompensied ischaermia is dangerous and, with a
45% reduction in cerebral blood flow, any reduction
i arterial PO, exposes the brain to the risk of hypoi.
Uncompensated znacmis is almost equally dangerous,
although an increase in cercbrol blaod flow restoresa -
isfactory safecy margin. In the example in Table 24.2
40% reduction of blood oxygen-carrying capaciy and a

0% et o et Mooy she i
PO, ta fall to 5.3 kPa (40 mmHg) without the cercbral
venous PO falling below 2.7 kP (20 mimbg). The las

this would corre-




line in Table 24.2 shosws the very dangerous combination
5 of anacmia (haemoglobin concentration 11 gdl”) and
bt b B shese st s o sl 1N

]l iU ke of et i

5 T h!e 24.2 s not to be taken too literally, because there
are msny eior ocorsthat has ot been conpiderd,
Howeves, it s 2 general il that maimal cercbral

3 S i b ) i

oxygenation. Also, there are circumstances in which the
critical organ is ot the brain but the hears, liver or

s Kidrey.
= The most important message of this discussion is that
there is no simple answer to the question "What is the
safe lower limit of arterial PO.7. Acclimatised moun
@ taineers have remained conscious during exercise at high
= altitude with orterial PO, values as low s 2.7 kP
(20 mmlg) (see Chapter 17). Patients presenting with
severe respiratory disease tend to remain consci
£ of arterial Poy."* However, both

scclimatised moustainers nd s wih chroni e

s pirstory discase have compensatory polycy

el e

ho are acutely exposed to hypoxia are unlikely to

b remain conscious with an arterial PO of less than about

3.6KPa (27 mmHg), but considersble individual varia-
tion must be expects

Organ survival times in vivo
Lack of oxygen sops the michine and then wrecks
the

€ first event (survival time) must be disting

R et e i s e s e
al time), the latter being defined as the time
beyond which o recowery of Faneton fo-passible
Incomplete recovery of fanction may follow anoxia
lasting more than the survival time but less than the
R menoel & il b sk
as long as survival th
Frox e conples et Pk e
e vl el B s
e e i
e S ol e |
minute for the cerebral cortex to abot 2 hours for skelc
lon e Voatvi it whl o bl imei

Biood
midr
20
2
b}
2
20
20
2
2
1

Norm values

oxyzen consumption and oxyen stores in the tissue con-
cerned. An inactive organ (such as @ heart in asystole or
the brain in hypothermia) has increased resistance 1o
hypoxi, and thee s @ smll b defne ncrase in
survival time when tissue PO has been increased by

I hypoxacmia with polycythaemia

* temperature 30°C; cerebral O; consumption reduced to haf normal.

Anaemia with increased cerebral
‘Combined anaemia and ischaemia

Uncompensated arter

Arer
cerebal blood flw

“ pH76,

s



100

b

%

Cerabral venous bl

_ po
kPa mmHg

blood flow
.

Cerebial

on
mimin!

capaclty. consumg
midf’

blood flow

Combined anaemia and ischaemia

Aterial hypoxaemia with ncreased
Artarial hypoxaemia with polycytharia

cerebral blood flow
Anaemia with increased cercbral

Norml values
Uncompensated artr
Uncompensated anaemia
< pH76

e e R
combination the arterial PO; cannos he reds

Table 24.2 i not to be taken too lterall, because there
arc many minor factors that have not been considered

eritical organ is not the brain but the heart,
Kidney:

The most important message of this discussion is that
there is no simple answer to the question "What is the
safe lower limit of arterial P02 Acclimatised mo

e

severe. respi

Sen 1o the i Teie of atenal POLIE Moy bk

accimaised mountinets nd et with chronic e

piratory discase have

i haln it i
ikely to

3.6KPa (27 mmHg), but considersble
tion must be expected.

Organ survival times in vivo
Lack of oxygen stops the machine and then wrecks
he machinery. The time of circulatory arrest up to the
frs. e (sumival ime) must b disingished From
the duration of anoia that results in the sec
« me), the latter being
beyond which no_recovry of function

lnsting more than the surv
s tend to be about four times

n (such as 2 heart in asystole or
the brin in byphernia) s incresed




ihpoiey

hyperbaric. oxygenation. Hypothermia both decreases
oxygen “and increases the solubility of oxygen in
the tissue.

EFFECTS OF HYPOXIA

The oxyhaemoglobin dissociation curve is displaced 1o
the right by an increase in 2,3-DPG and by acidosis
which may alo be present. This tends to increase tssue
POy (ec Figure 11.10)

Hyposia presents 2 serious theat 0 the body and com-

into play whatever the reason for the hypoxia, although
Sl G, depend to a large extent on the
cause. For example, hyperventilation wil be largely inef-

in stagnant or anaemic hypoxia, because hyper-
ventilation while breathing air can do fitle to increase
the oxygen content of arcerial blood and usually nothing
o increase perfusi

Hyperventilation results from a decreased arterial PO;
but the respor

7kPs (52.5 mmHg):
(30 munHg). The interrelationship betsveen hypoia and
b fctrsn the control of beuhig is discussd
Chapter

Pulmonary distribution of blood flow is improved by
Bl 3 8 remlk o hypoi plmonary saecontri-

tion (page |

The sympathetic system is concerned in many of the

g :

e of adenosine and other metabolits generaied by
hypoxia,

Cardiacoutputis incressed by hypoxia, together with the
regional blaod flow to almost every major organ, partic
ularly the brain.

Haemoglobin concentration s not incressed. in acute
ypovia n homans but it i ncressed in cheonic bypoxia
i to residence at altitude or respiraory disease

240

s is increased in severe hypoxia in
a mernpetn st TheTorT s ATE e b
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Chapter

2 5 Anaemia

SEfpou

PULMONARY FUNCTION
b

hnceh e o e e
arteral bood in direct proportion to the

Alvcolar Po, is determined by dry barometric pressure,
inspired oxygen concentration and the ratio of oxygen

Assuming

=
oygen delver ncud incressed cardiac

e e e
good evidence that the latter two are unaffected in the

ngh( e

Gh i e e
compensate less well when anaeric.

Anaemin is 2 widespread pathophysiological disorder
e tissues. In

gy, including

bilharzia, In many count
trations within the range 6-10dl" are regarded a

Ansemia per se has no major direct cffects on pul-
= function. Arterial Po; and saturation should
remain within the normal range in uncomplicsted
anacmia snd the crucial effect is on the arterial oxyzen
content 3nd hence  axygen
compenstary changes are increases in cardiac ou
areater oxygen extraction from the arterial blood and, to
e e ol gt ikt f
oxyhaemoglobin dissociation curs
Sl o Wi sl i which defnethe mimial
colerable haemoglobin concentration and also the
cise limits auainable at various levels of severity of

Phosclogical aspects of blood ransfuson and bood
substitutes are discussed on page 182 e

delivery

However, there are

32

tration of at least. S gl (see helow), then there is no
reason why alveolar PO, or Pco; should be affected by
uncomplicated anaemia down to this degree of severity

The increased cardiac

However, such is the res
monary capillary bload to reach equilibrivm with the
alveolar s (see Figore 9.2) that it i highly unlikely that
this would have any measurable effect on the alveo-
lar/end-pulmonsry capillary PO, sradient, which in the
s IR o B B of the order of only
10° mmHg. Thus pelmonary end-capillary Po: should
Al i

Continuing down the cascade of oxygen partial pres-

d anie

fusion of relatsely underventlaed alveal. There is no

evidence that these factors are altered in anscmia an

el P shoul thereiore b ol Becase he
i ceptors are stimulated by reduction

degree of hypoxia is sufficient to cause anaerobic metab-
olism and lactacidosis

‘The haemoglobin dissociation curve

1 is wwell stablished tht red blood cell 2 3-diphospho-
slycerate levels are increased in naemia (page 175),




typical changes being from a normal value of 5 mmol I
107 mmol.I at a hnemoglobin concentration of 6 5.dI”.|
This results in an increase in P fr OkPa 27
to 30 mmHg). This rightusard shift of the dissociation
curve would have a negligible ffect on arteriol saturation,
sehich has indeed been reported to be normal in anaermia.
The rightward shift will, however, increase the PO, at
which oxygen is unloaded in the tissues, mitigating to

 Ouygen delivery.

If he small quaniy of disohed ovgen (03l
)i inord,thn axygen delivery is e o
o e i of cindiat oo mesmotkon
yien saturation. There i, of
iy compensatory increase
i saturation in a patient with uncomplicated an
sea level

far as tissue POy s concerned.

Arterial oxygen content
Although the arcerial oxygen saturation usually remains
normal in anacmia, the oxygen content of the arterial
blood will be reduced in approxinate proportion to the
decrease in haemoglobin concentration. Artcrisl oxygen
content can be expressed as follows:
Cag, = (HB] x Sw, x 131 + 03
mldH gdl %100 mlg'  mld
19 =(47 x 097 x 13) + 03 (1)

where Cao, is arterial oxygen content, [Hb] is b
elobin concentration, Sac, is arterial oxygen saturation,
131 is the combining power of haemoglobin with
oxyzen (page 176) and 0.3 is disolved oxygen at normal
arterial PO

OXYGEN DELIVERY

The important concept of oxygen delivery (D03 is
considered in detail on page 187. It is defined as the
product of cardiac output (Q) and Co,

Do; = Q x G,
mlmin® Lmin®  mld
5% 19 @

(the right-hand side is multiplied by a scaling factor of
e account for the differing units of volume)
ombining equations (1) and (2):

Bo. xA(IHb] x Sacy x 131) + 03}
mlmin® Lo edl! %100 mig! mld!
1000 = 525 x (147 x 097 x 131) + 03} (3)

(cherght-hand side i soin maltplid by a scalng fctor
of 10)

1 values give an oxygen delivery of approxi-
mately 1000 mlmin, which is about four cimes the

amption of 250 L

al blood is thus 25%
and i acconds with a el s of 97
mied venous saturation of 7

Effect of

Equation (3) shews that, if other factors remain the
same, 8 reduction In baemogabin concenration vl
result in 2 proportionate reduction in axygen deli

s Mo o
unchanged cardiac output, would halve delivery <o
sive 4 resting value of 500 mLmin !, which would be
approaching the likely eritcal value. Howwever, patients
with quite severe anaemia usually show litle evidence
of hyposia at rest and, furthermore, achieve surprisingly
sood levels of exercise. Because arterial saturation
cannot be increased, full com <an be achieved
el 2ol ebionablp between ardiaccupus
and haemoglobin concentration. Thus, if hacrnoglobin
e s delivery
will require a doublin of ca
sation
haemoglobin concentration is usually sccompanied by
some inerease in cardiac outpu

Acse angenia, Exly studes of cadac outp and
anaemia involved m -

negative correlation between age and cardiac index in
dhe amaemic s eletingth el nailty o e
older patient to compensate. More recent studies have
RS e
iaion sovlaemicaly n vlices and it One
of thesc sudies reduced the haemoglobin concentration
from 13.1 o .0 gl and the effectsof this on thecar-
diovascular system are shown in Figur
calthy volunteers the predictable lincar relationship
Bebeccs i et S0k gl mcenatm
o eaty e sen (e 251 1) Theincreme i i
output scen in respanse to acute anzemia is much less i
anaesthetised patients.”
The mechanism underking the increase in cardioc
outut s not clear, but i due to increases in
volume and heart rate.t

creased tone in capscitance vessels



Chronic anaemi
of haemoglobin concentration,

10 CHES thi s s o st i
T same level for 14 days.” Immediately after induction of
anacmia there was a marked increase in cardiac output
(55%), but chis a.uma <o only 14% sbove control
levels after 14 d:

The influence of cardiac output on oxygen delivery
Following the scute reduction of haemoglobin concen-
tration in healthy subjects, ™ cardiac output increased
sufficiently to muintain normal or near-normal oxygen

Haemogiobin gd™

b delivery (Figure 25.1c). However, in sustained anaemis,
P the increase in cardiac outpst (only 141 is insufficient
to maintain ovygen delivery, which decreases to 25%

below control values. Similarly, in 2 scudy of anaemic
patients,” oxygen delivery was reduced in proportion to
the degree of anacin
Without an increase in cardiac output, it s ikely that

3 hacmoglobin concentration of 6-8 gl would be
e i Teel compaile wth IS, . cla that
the ability of the cardiovascular system to respond to
anacmia with an increase in cardiac output is an essen-
sl aspect of sccommodation o anaemi, and this s less
effective in anaesthetised patients, the clderly, or other
subjects with reduiced cardisc reserve:

Relniunxhip between oxygen delivery
consumption

The lehlwnslup between oxygen del

B & it o gt s Whep e

gl i

with increasing oxygen extraction and therefore decreas-

ing
“crltical alue for oxygen delvery, oxygen consumption

panied by evidence of hypoxia, such as increased lactate
i

Figure 25.1 Cardiovascular changes i response fo acute.
i concentration

H
3
3

L
Hoemogbtin 8¢k output exacly matching the decrease in ateral oxyger
conient. 6 ied venos rygen artion (S5l 5 he
issues extract more oxygen. (Afer refere




depend upon the pathophysiological state of the patient
and v one condition to ancther.

The il leve of orygendelfvery i sncomplicted
anaemia in humans has not been clearly established.
Studies of acutely induced anaemia have found no evi-
dence of tisse hypoxia, though in one study, at 4 haermo-
slobin concentration of 5 g.dI”, oxygen consumption was
reduced in spite of oxygen delivery being well main-
In volunteers maintained at a haemoglobin

tained.
concentration of 10l for 14 days, oxygen delivery

eased from about 1200 to 900 mlmin' whereas
o ion remained virually unchanged.

Simiiely, sty o teated, anacslcspatients found

 Thus these patients with onz-term anacrmia
scemed to have all remained above the criticl value for
oxyzen delivry down to hacmoglobin values of about
6l

ANAEMIA AND EXERCISE

he face

Cardiac cutput imin)

Oxygen consumption G JSTPD)

Figure 252 Cardlac output a5 a function of xygen
conmmpion daing st an mxinal e under onrl
and sovolaemic anasmic condiions. Numbers in parent
Ao R e e
rfence 3o th ot mean weight f he
subjocts was 70 sion of the author and the Eitors
e il i i

of reduced delivery can only be the expense
of a reduction in mixed venous saturation, as a result o
increased extraction of oxygen from the arterial blood.
“This has been clearly demonstrated in both acute (Figure
25.1d) and sustained anaemia.’ A reduction in the oxygen
content of mixed venous blood curtails the ability of
the anaemic patient to encroach on a useful reserve of
oxygen, which is an important response o exercise.
Reductionof hacmegiobint 104 resed n s .
ailment of oxy snption attained at maximal
SR oo T o i o 301 it i
e 2o 0 e ] e 253
5 oni afer 14 dayhof setained
? The increase in cardiac output
requited for the same fncrease in axygen consumption
was greater in the anaemic state and cardiac output at
maximal oxyzen consumption was slightly less chan
under control conditions. Maximal esercise in the
anaemic state resulted in a reduction of mixed venous
e station to e xeptionaly ow e of 125
compared with contral values of 23% during maimal
exerise with s noral bocmeglobin e

Brisk walking or ground normally requires an
SE L kit
autput of about 10 Lmin™. At a hacmoglobin level of

5 gdl”, this would require a cardise output of about
20Lmin to permit an oxygen consumption of 1 Limin!

function is 2 critical factor determining the

cardiac
mobility of a patient.

o ¥ piratory
or circulatory capscity.In uncomplicated anaemia, there
is no reson to implicate respiratory limitation and exer-
cise tolerance is therefore, t0 a fir
ned by the remaining factors
cquation (3) (sbove).
il sutainable crdiac ouput s only margally
affected by anaemis, & i 0 be
olerance vill be re

[t ileslivmrs i bl
this hypothesis (Figure 25.3).

Using haemoglobin to enhance

athletic performance

The corollary of the preceding description is the ques-

tion of improving athletic performance

hacmoglobin concentration above the normal range. This

s beachiod by oyl of oo o sl et
when the subject. b

tation of erythropoietin. Studies of eraned athletes in
thisarca are notoriously difficul and it s easy o confuse
the effects of changes in blood volume and hacmozlobin
concentration. Furthermore, blood doping involves the
sublect continuing is traning after removal of blood
while he s anaersic. This may well make his training
more effective, asis the case when training is ndertaken
at altitude.




aemaglotin ()

Figure 25.3 Relationship betveen capacity for exercise and.

emaglabin concentration. (Afe reference 8 by permission of
the authors and the Editor and publishers of Cinks in
Haematology)

In the pioncer study of EKblom et al_in 1972, it was
reported that, following rinfusion of blood (resulting in
2 e I hncmglbl concencation from 132 10

1), maximal oxygen consumption
e e e e
uphill treadmill running was extended from 5.43 t0 6.67

concentration of 16.7 gl was attained with significant
increases in maximal oxyzen uptake 485 to
0 Lmin! Differences of this magnitude are critically
{mportant in the arena of madern athletic competition.

WHAT IS THE OPTIMAL HAEMOGLOBIN
CONCENTRATION IN THE CLINICAL SETTING?"

Evolution has resulted in 2 haemoglobin concentration of

betuween oxyzen carriage, cardiac output and blood vis-
blood transfusion has always been, and.
acedure and a haemo-

cosity: However,

currently remains, a hazardous pre

wnder 3 gdl”, albeit with substantial cardiovascular and
respiratory support.” Studies of these patients'” indicate
that perioperative death is uncommon i haemorlobin
concentration remains above 5 dl There is also a
Suggestion that low haemoglobin values may actuslly be
beneficial, with lowered blood viscosiy improving blood
flow through diseased vessels snd so increasing tissue
oxygenation, though evidence for a clincally relevant
effctis ki,
target haemoglobin concentration of 10 gl may
haiie i sive in it halthy paiencs, o
those with chronic ansemnia " and 2 hacmoglobin level
of 7 g.dl” i probably a::cphbh in these groups." This
view was confirmed in 2 randomised controlled trial of
iemaglobin values of
with improved outcome com-
pared with those in whom hacmoglobin was maintsined
aover 10514 The bensfi were motprocounced
patients under 53 years old who were less acutely il
ndid ot v sgnificant cardive discae
he organ tha s the acceptable degree of nseria
is the heart, where oxygen extraction is normally in
excess of 50%.
pensatary mechanism is therefore limite
blood flow must increase to facilitate the greater oxygen

tolerant of anaemia than those with normal coronary
rteries, as shown in the study of intensive care patients
already described.” For these patients, particularly
in the postopera iod when cardiac output i

elevaed, the optimal hacmoglobin may be as high as
128 gd0

Chronic renal failure leads 1o a lack of renal crythropoi-
d chranic severe anacmia results, wit

The availabilty of recombinant human ery-
thropoietin has allowed partial correction of sraemia in
ading <o 3 substantial improvement in
s, however, debate sbout
the optimal target hacmoglobin concentration to aim
for." There is good evidence that the chronic severe
anacmis associated with renal disease commonly leads to
cordiac complications.” Unfortunately, there s also
some eidence that corection o haemoglbin o nornal

bbbl el
ettt e i el cardiac output

values s asociated ¢ complications
S AT e e
sl ended "

be reduced this is unhkzly o ruble e pate

There ol
accepable in some circumstan
s e Debeie i
<o blood transfusion, frequently undergo major surgery
and survival is reported following haemoglobin values of
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KEY POINTS
u

Hyperoxia

while breathing air, can raise the arte-

pressure achieves very high arterial 70, values

il PO; to about 16 kPa (120 mmHg). Higher levels can

Although th

oy
pressure.
=

arterial PO can be rased t0 very high levels, the increasc
(Teble

‘condiions, such as tssue nfections, carbon
‘monoxide poisoning and sports injuries, butts
use remains controversial.

26.1). The arterial oxygen saturation is normaly close
to 955 and, apart from raising saturation to 100%,

sddiiona xygencanbecriedonlyinphysical solution,

‘mitochondria, produce a range of powerful
collecti

Provided U
difference remsins constant, it follows that venous
will rise by the same value as the arterial

b
tefered o a8 reactive oxygen species.

The harmful effects of reactive oxygen species.
arecountered by 3 combination of ubiquitous

axyzen content. The consequences in terms of venous
PO (see Table 26.1) are important because minimum
e B S e S BV i
arteril PO,

® The lungs are susceptible to oxygen toxiciy, the
first measurable signs occuring in healthy
subjects after breathing 100% oxygen for about
28 hours,

Chapter 24 described the disastrous consequences of

«
contoled by animals tht they e used to kil other

The activity o toxic

ing d
neesay o breathe agen 2 3 simospheres sachte
ATA) presure efore e i g s in v
S0 e e o TG 4 i i sk
P e
sauwration of capillary and venous blaod remains close to
100%

It is convenicnt to consider two degrees of hyperoxia
The first applies to the inhalation of oxygen-¢nriched gas
at nomul pressure; the second involves inhaling
onygen 3t riscd pressure and is termed hyperbaric
oxygenation

HYPEROXIA AT NORMAL
ATMOSPHERIC PRESSURE

oxygen derivatives oo systems is perfectly
balanced for most of the time. Nevertheless, there is a

T e el e
cissue damage results.

inspired gas is the prevention of arterial hypoxacmia
(anoxic anoia’) caused cither by hypoventiltion (page
371) or by venous admisure (poge 122). Oxygen
micterof e e eyl b md o mit-
igate the efects of rfusion ('stagnant hyposia).

tain Tsble 26.1 show that there w.umnny mar-
ginal impraveiment m oxygen s (oage 187}tk g
be critcal in certain stuations. Anaemic anoxia” wil be



150
Aterial Poy*

(Pa) 3

(mmHg) %
Arterial oxygen content!

(i) 193
Adterial/venous oxygen content ifference

(midl) 50
‘Venous oxygen content

(midt) 143
Venous Po,

(kPa) 52

(mmHg) 3

o5 90 25
73 1425 2138
50 15 270
60 1313 2025
23 24 25
50 50 50
163 184 205
64 91 480
3 ) 360

thi table ae thereforelikely to be greater than in vivo.

* Normal values assumed for Hb, pH etc.

only porilly e by exgen heapy bt s
the combi s than in 2 subject with
el hacmoglobin Concentaton’ th ffct of sddl
ona oygencaried i slution il b vl more
importan

Grarnce of g Iocl i the body may be gresly
sccelerated by the halation of axygen, which grely
reduces the total tension of the dissolved gases in the
venous blood (Table 26.2). This results in the capillry
blood having additions] capacity o carry away gas dis-

are always slightly less than atmaspheric and this is of
critical importance in preventing the accumulation of air
in potential spaces such as the pleural cavity, where the
pressure is subatmospheric. Oxygen is useful in the

been used to relieve intestinal distension.”

HYPERBARIC OXYGENATION
Mechanisms of benefit

Pox Hyprtaricoxyenation s the aly meane
by which sretl PO. vahe ess of 90KPa
(675 mmbig) may be obu ever, tis casy to be
deluded into zhmkmglh:nhrnsmmvﬂl\ be exposed 1o
a similar POy to that found in the chamber. Terms such

as “drenching the tisues with oxygen’ have been used
bt s menigless. T fucr the smle cliony
chown in Table 26.1, supparted by experimenta! abser-

o do not occur
antil the PO, of the arterial blood is of the order of




Hyperoni andoxygen toicly

270KPs (2025 mmHg), when the whole of the tisue
oxygen requirer be met from the dissolved
oxygen. Howeer, the relationship between arterial and
tissue PO, is highly variable (page 166) and hyperoxis-
in the brain and other tissucs

n superficial tisues,
particularly when the skin is breached.

n Pco,, An increased mcmogwohm saturation of
bufie carbamin

o carbon

from this cause s unlkely to exceed | KPo (7.5 minH)
this might result in 3 sgnificant
ood flow, causing a secondary risc

in tissue PO,

constriction. An incresse in PO; causes vasocon-

has wased and waned, but it use i sill confined to rel-
atvely few centres. Clear incic
value have
which are admittecly very difficult to conduct in the
conditions for which bencfi i chimed. In particular, a
proper "control” group of patients mus undergo 2 sham
trestment i & hyperbaric chamber, which has been use
i very feuy trias. The most commnly accepted indica-
tions are as follows.

Infection is the most enduring feld of application for
hyperbaric oxyzenation, particulaly anaerobic bacterial

al pressures of oxygen increase the
oxygen species, which are cidal
Dot oniy 1o anserobes but also to aerobes. The scrongest
indications are for clostridial myonecross (gas gangrene),
refractory osteomyelitis and necrorising soft-tissue infec-
tions, including cutaneous ulcers.

strction, which
in the reperfusion of ischacmic limbs and in burns (see
below).

Angiogenesis. The growth of new blood vessels is
improved shen oxyzen s increased to more than 1 ATA
pressuce.’ There seems to be no effect with 100%
oxygen at | ATA," and the mechanism by which angio-
sencsis s promoted s uncertan. When normosia follows

e
et

Antibacterial effect. Oxygen plays a major role in bacte-
sial kiling by the formation of reactive oxygen species,

particularly in_polymorphs and_macrophages (sce
below). Apart from its dircct effect, particularly on
anacrobic. bacterin, relief of hypoxia. improves. the

performance of polymorphs.”

Sl awefct. The volime of gas spces withithe

ly is reduced inversely to the sbsolute pressurc
z(mrdmg <o Bogle's law (page 456). This effect s adi-
tional to that resulting from reduction of the total
tension of gases in venous blood (see above).

Clinical applications of hyperbaric oxygenation”

In practice, hyperbaric oxygen therapy means placing &
oatas s o Sl Tl e
ratus to allow them to breathe 100% oxygen, aormally
e Brng oo eat i sl s
1-2 hours and repested daiy for up to 30 days. Since ts
first use in 1960 cathusiasm for hyperbaric oxygenation
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are unequivo-
cal indications for hyperbaric therapy and the ratioale
of treatment is considered above and in Chapter 15.

b ool g o ke o & ookt o0
of natural gas, there remains  high incidence of carbon
oeatla i b e s e and

minutes with hyperbaric oxygen. However, breathing
100% oxygen at normal pressure reduces the halFlife of
COHbtojust 40 minutes and therefore in many cases, by
3 e o b
COHb]eweInmUalmd) be consi educed Other
cncfits of hyperbaric oxygen are believed to
B o Dt e ete oo monoxide
on cytochrome-c oxidase'! and neutrophil function.”

s T fs cxptieaal vl i n kel
hyperbaric oxygen causes ¥asoconsiriction,
iaces St e i el o )

general treatment of burns, howener, led to the publica-
tion of studies that faled to find a0y outcome benefics
vith the use of hyperbaric oxygen.

Wound healing i improved by hyperbaric oxygention,
exen when used intermittently. It is particularly useful



swhen ischaemia contributes to the ineffective sl
for example in diabetes mellitus o peripheral vascul
PER e sty

both cases, improved tissue oxygen levels
probably result from direct diffusion of oxygen into the
affected superfcial tisues.

Sportsinjuries. Hyperbaric oxygen is believed to expe-

from soft tsue infres and fracures

comperitive sports.” Early treatment

otthin 8 houts) i most ffectve, indicating a probable
effect on neutrophil activity at the site of injury

Multiple sclerosis. In the carly 1980s there was grest
peutic valie of hyperbaric ovygena-

Oxygen towiclty

10% oxygen in nitrogen, also at 2 atmospheres.
Unfortunately, these findings were not confirmed in
subsequent studies and a review of 14 controlled rials
concluded that hyperbaric owgen cannot be recom-
mended for the treatment of multiple sclerosis.”

OXYGEN TOXICITY

The oxygen molecule and reactive oxygen

species (ROS)™*

Although ground state oxygen (diosxygen) is a powerful
oxdiingaget, e molecule i bl an s on nde-
inite halF-life. However, the o n be

e e
oxygen itsel

The diosygen molecule (Figure 26.1) is unusual in
having two unpeired electrons in the outer (2P) shell.

Figure 26.1 Outerorbital ing o eectrons n (rom the
d stats oxygen or dioxygen 0,

droperoxy radical (H ide (.0),
el (1) bl O ¥ and it e
arrows indicate the direction ofrotation of ungaited
electons.Ses text for properties and nterolatonships.




Thus dioysen el il ot o double e il
but stabilty is conferred by the

of the two unpaired clectrons are pars e o
unpaired electrons also confer the property of paramag:
netism, which has been exploiced as a method of gas
<nalysis that s almost specific for oxyzen (page 193]

iogieompen, il rearangements of e il
deecans of dioygen ek 1 the formation of two

highly reactive

the onbit of the other (see Figure 26.1), imparting n
energy level 22.4 kealmol™ above. the ground stute.
There being no remining unpsied clectron, 1350;
ROS. In 15g', the rotion of anc unpaired
clectron s reversed, Which imparts an energy level
37,5 keal.mol” sbove the grond state an this molecule
i 3 ROS. 12g" i extremely reactive and rapidly decays
to the 1330, form, which is particularly

biological systems and especialy to lipid peroxidation.

eroxide anion. Under a wide range o circumstances,
consdered below, the oxygen molecole may be parcally

uced by receiving a single clectron which pars with
one of the unpaired electrons, forming the superoxide
anion (O™ n Fgure 26.1), ehich s both an anion and
3 ROS. I is the frst and crucial sage in the production
of a series of toxic owygen-derived ROS and other
compounds. The superoxide anion i relaivly stable in
aqucous sluion at body pH, but has a rapid biological
decay ovwing to the ubiguitous presence of superoxide
dismutase (see below). Being charged, the superoxide
snion docs not readily cross cell membranes.

droperoxylradical, The superoxide anion may acquire
2 hydrogen ion to form the hydroperowyl radical thus:

O +H' =HO:
The reaction is pH dependent with a pK of 4.8, so the
equilibrium is far to the left in biological systems

Hydrogen peroxide. Superoxide dismutase (SOD) cata-
Iyses the ransfer of an electron from are molecule of
the superoxide anion to doror molecule
becomes dioxyzen, whereas the recipient rapidly com-
bines with two hydrogen fons to form hydrogen perox-
ide (see Figure 26.1). Although hydrogen peroxide is not
2 ROS, it is & powerful and toxic ovidising agent thot
Plays an important role in oxygen toxicity. The overall
reaction is as follows:

207 +2H 5 H.0,+0;

another. The

Hitmgen penide & courbu sl el Iy e
body. Tivo enzymes ensure its rapid removal. Catalase i
b e R e Sy
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methyl snd ethyl peroxides. Hydrogen peroxide is
reduced to warer thus:

2H,0, 5 21:0+ 0

inst 2 much wider range
react with glutathione

Glutsthione perosicase acts
of peroxides (R-OOH), whicl
(G-SH) the

ROOH+2G-SH - R-OH+ G-5 S G+ HO
Gale and gothione prouise s dused
F e Db At s
maly ithous catalse

Three:stage reduction of oxygen. Figure 26.2 summariscs
the three-stage reduction of oxygen to water, which is
the fully reduced and stable state. This contrasts with
the more familiar single-stage reduction of ovygen to
wsater that occurs in the terminal cytochrome

187). niike the sigletage redoction of oxgen, che
hreesnn own in Figure 26.2 is not inhib-

el

Seconday dervaivs of the producsof
dioxygen reducti

heentonreacion Ahough bt the superoie ion
and hydrogen peroxide have direct toxic effects, they
i (o praies S i o the
fight of Figure 26,3 is shown the Fenton or HaberWeiss
ssation, which resls i the fomation of the bacless
weroxyl fon together with two extremel

et skl faereral (O s oA
axygen (10.

a

Figure 6: Threestagerecucion o xygen o waer The st
Tescion s a singe decion educion o form tre superoice
Snon escie crygen species.In the second toge the st
prhes v Gt oo v dongn
i U e s e
drosen et To it g fors e e 1y
reicea formof oyen.



Myelopers Fentonor
system Haberisisreacton

Figure

Nitrc oxide may behave a5 o free radical by reacting
with the superaxide anion to produce peroxynitrite
N T e ok e o s il
into relatively harmless nitrite or nitrate (page 180) o

give rise to derivatives with similar biological activity to

superoxide amion (see below) or the Fenton reaction.
The in vivo role of nitrc oxide as 4 free radical or antiox-
idant therefore remains unclear.

re 263
peroside n the Fenton o Haber Hies esction o form

Hypochlorous acid i formed from hyclogen peroxide by the.
myeloperoxidase system. (3fer reference 19 by courtsy of the
Editor o the ournal ofth Royol Society of ediine)

0 +H:0. - OH" +OH' +10;
The hydroxyl free radical is much the most dangerous

d from oxygen. The Fenton reaction is more
likely than the HaberWeiss reaction to take place under
biological circmstances and it is catalysed by metals,
particularly ferrous iron (Fe”).

e myeloperoxidase reaction.™ To the lft of Figure 26.3
bela iy of siogen peresle vt chi
nde ion to form hypochlorous acid. This occurs in the.

gocstic vesicle of the neutrophil = ol
e actorul g TR emtcont B skttt b

Figure 26.3 shows the superoxide anion as the starting
point for the production of many other ROS. The first-
stage seduction of dioxygen to the superoxide anion is
therefore critically important in oxygen tox

Mitochondrial enzymes. NADH dehydrogenase and 2
variety of other mitachondrial enzymes may ‘leak” elec-
to molecular oxygen and s el

g soml axidie resision.”
Jeina] il i oy it for almost
G ol i et ion, i e
tance of the highly efficient mitochondrial form of
SOD (ree el

The NADPH oxidase system is the major electron donor
in neutrophils and macrophages. The electron s dorated
from NADPH by the enzyme NADPH oxidase, which
is located within the membrane of the phagocytic

vesicle, Thi phagocytosis

of the dricd sweight of a newtrophil. Hypochlorite -
long been known 35 an effective antibacterial agent and
was used in the First World War as Dakin’s solucion.
The myeloperoxidase reaction also accurs immediately
sfee fetlstion of the avim and hypochoros scd
so formed causes polymerisation of proteins to form
e lepidison ) i
spermatozon.

Relationship to ionising radiation. The changes described
ab s e Lk oo
ion, the hydroxyl radical (OH) being

surprising
is incressed by high partial pressures of o
i o I vt et st 330, (15 o),

radiotherapy of malignant. cells in hypoxic areas of
cumours (page 336).

and is accompanied by a transient increase in the oxygen
cansumpion of the cell, a process known to be cyanide

cant. This is the so-called respirstory burst and
oceurs i all phagoeytic cells in response to 4 wide range
of stimul, including hacterial endotexin, immunoelobu-
lins and interleukins. The superoxide anion is releascd
into the phagocytic vesicle, where it s reduced to hydlro
. which then reacts with chloride ions to

6.3).
NADPH oxidase system has extremely
important biological adantages, there seems litle doubt
that its inappropriste activation in marginzted neu-
trophils can damage the endothelium of the hang and it
may well play a part in the production of acute lung
injury (see Chapter 31).
Xanthine oxidoreductase (XOR) and reperfusion injury*
The existence of the superoxide anion was first deduced
from 4 reaction in which the clectron was donated by
the conversion of xanthine to uric acid by the enzyme

T



feperusion

WD 10, -

NAD* 40,
p.

the sctity of anthine oxidoreductase (XOR). With normal

Subsrate rescts with the molybdenum binding site 3t the

resling n the production of bydrogen peroside and
superoxide anions (see Figure 26.4) 7 Thus during reper-
B e oy e e ) i o ke
erived free radicals, It scems probable that, under
certain circumstances, this me bl 2 role
i sepesfision tisue damage or postischacmic shock

Ferrous iron (Fe™") oses an electron during comversion to.
This is an important aspect of the
has been proposed as.a mech-
imilas reaction also

81). I s for this reason th
b qumiiic of SOD, cataloe s cthr potcive
e young red ell. Their

epleion gy welldescmine the e of the cel. Apart
from ferrous fron acting as an electron dor, It i a
catalys in the Fenton reaction (see above)

High Po. Whatever other factors may sppl; the produc-
tion of ROS is increased at high levels of PO, by the lane
of mass action. It would seem that the normal tissuc
defences against ROS (disc low) are usually effec-
cive only up to  tissse PO of shout 60 kPa (450 mmHg)

This sccords with the development of clnical oxygen tox-
icity as discussed below: There is also evidence that gen-
eration of ROS i inereased when normal oxygen usage is
increased, for example during exercise-"

Exogenous compounds. Various drugs and. toxic sub-
stances can act as an analogue of NADPH oxidase and
wrnsiranelectron from NADPH to moleclar xygen

ichaemi iht e eprusion cases AC"and oxygen
rather than NADH to react at the FAD binding sie
st e i

R (P 26412 XOR e 2 harge (300 D) et
olving two separa ingsites, one
oo ftae it Ginelenidn o
ather a molybdenum molecule. In vivo, XOR cxists in
two interchangeable forms, with about S0% existing as
xanthine dehydrogenase and the remainder as xanthine
axidase. In both forms XOR catalyses the conversion of
both hypoxanthine to xanthine and
acid, and under normal conditions uses NADH as o
cofactor, In ischaemic or hypoxic e quantities
of hypoxanthine accumulate (page 334), the availability
of NADH declines and the ratio of the oxidase and deby-
drogenase forms of XOR may be reversed. Asa result of
ygen is restored 0 the cell, the

xanthine to uric

tissue larg

with NAD" 2nd dioxygen now being used as cofactors,
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nsers sl into an electron transport chain, shernating
loubly iomised forms. This

1 cell where the PO, is as
Owing to the very short half-life of the oxygen-derived
free radicals, damage is confined 1o the lung. Bleomycin
and some antibiotics (e.g. nitrofurantoin) can act in 4
similar manner. Reactions usually occur at high dose
levels, are agpin potentiated by increased oxygen levels
or radistion, and eventually lead to pulmonary fibrosis.

Biological effects of ROS

Their use in phagocytoss for killing microorganisms is 3

clear benefical role for ROS. Elsewhere within cells, the
balance between the barmful cffects of ROS and the
antioxidants that counter these (see below) is describy

as the redo state of the cell. Cellular redox state is
believed to he part of an esseatial call signalling system.”
Otherwise, most effects of ROS on biological systems



sre hamful and altrstons n o sk are linked to
3 diverse range of dise

Biochemical targets for ROS
The three moin targets are deoxyribonucleic acid
(DNA), lipids and sulphydryl-containing proteins. All
three are also sensicive to fonising radiation. The mech-
anisms of both forms of damage have much in common
and synergism occurs.

Breakage of chromosomes i cultures of animal

Sure to 95% oxygen increased the rate of mutations by
4 factor of 25. In vivo studies of therapeutic hyperbaric
e o st B s i DA i
However, adverse clinical outcomes perbaric
o et boen et thorgh m«nm.u

cell membranes and accounts for the loss of integrity of

the slesa/cpllacy b i puli

onary oxygen

Proteins. Damage o sulphydryl-containing proteins
results in formation of disulphide bridges, which inacti
vate a range of proteins

Pathophysiological effects of ROS
Interference with these fundsmental cellular processes

h'!s widespread physiological implications. Superoxide
ed from mitsic oxide

teins, rel direct cytotoxic effects
(Figure 26.6)* Rinert dysfunction will rapidly
wed ng ccurrence of

ey o cell death. Over an animal's
m.m RO e M 6 vy i ke

subgroups,
DNA repair S may exist
pids, There i Tl doub that ipid peroxidtion i o

by ROS. The inter-
action of a ROS
b thae i ol bl goacssies
another ROS, so that a chain reaction ensues until
stopped by an antioxidant " Lipid peroxidation disrupts

hous

st

and neuroloica discase, cancer™
hanges of ageing.”

e degenerati
DEFENCES AGAINST REACTIVE OXYGEN SPECIES

Lif in an oxidising environment is possble orly because
of powerful anioxidant defences, which al acrobes have
developed (see Chapter 1). The defensive systems are
frecly duplicated and operate in depth.

Antioxidant enzymes
These enzymes are widely distributed in different organs
and different species but are deficient in most obligatory
anacrobic bacteria. Young animals normally have
ceeas el of. SOD and: carles whik enide

greaer resistance to oxygen toxicity. The reactions cata-
ysed by antioxidant enzymes have been described shove.

Stperoyide dampate. Thees types of SOD xi, exch
derived from a separate

(CuZnSOD). Extra production of SOD may be induced
by several mechanisms, of which hyperoxia is the most
sotble* but nflammatory Sytokines such s ierfron,
TNF, interleukins and lipopolysaccharide are importan

Smdants of SOD prodection n the inict antal>
shown that induction

F I T T .
Onygen

Figwe 265 rekage of chomosomtsna e o hnese

hamster fung fbroblasts by orygen at various concentr

oy ki e e T

of SOD confers some protecton aainst he toxic ffects
of oxygen” and, by implication, enhanced SOD activity
may be protective against the wide range of pathological
processes described above. There are diffculties in the
thenpeutic ue o SOD became the e ingorank

or mitochandrial enzymes which




Hyperoxia and oxygen toxicity

T
nactharion

|
Sl

ooy

Figure 265
permisson from reference 30)
have very short half-ives in plasma. There is therefore  removal of the hydroxyl frec radical. Humans,alang with

litle scope for their use by direct intravenous injection.
s possible for SOD to enter cels if it is adrministered
mes and c«n(c\lulv SOD has been used by
7 Recent attempts to

small e and non-peptde e they canfelyenter
the inteacellular environment. 5 have yet
5 i il cll, ot et it o
the future looks promising.

Catalase bas a cellular and. cur.\(\‘lluhv distribution
i to SOD, with which it is clost

Totie o mibesdsms o e 6.2, Alkhogh
studid es exensvel,ctalze producion s beleved

ymes. have Tt
given better results when both SOD and catalase are
administered.

Glutathione peroidase system scavenges not only the

RO e e o e gt Pt laming
lipid peroxidtion. "o molecl
egh

(GSSG) by the formation of a disulphi
the cysteine residues. GSH is reformed from GSSG by

ennyme glutathione.reductase, protons being sup-
plicd by NADPH.

Endogenous antioxidants
id is o small molecule vich significant
antioxidant propertics, being particularly important. for
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uinca-pigs and bats, lack the ensyme required for the
proction of st and so s st sl
sitamin C to_ compen hese mammals, SOD
activity is markedy hu;,h(r ekt
endogenous ascorbate.

Vitamin E (a-tocopherol) is a highly fatsoluble cor

s ‘peroxidation chain reactions
described abo

Sufctone g act s ot i the . Amm;l

tudies have shown thc sdminisraion of coogenos
el i N
required to cause lung damsg

Exogenous antioxidants

Altopurinol. Because XOR plays 2 pivotal role n the reac
tions shown in Figure 26.4 it seemed logical to explore
che use of allopurinol which inhibits a range of enzymes
including XOR. As might have been expected, benefit
wwas seen maisly following ischaemia/reperfusion injury,
but under these conditions allopurinol luiple

effects on purine metabolism
an XOR inhibitor 2t all 2

and may not be acting a5

o i st S ferrus iron is both a potent
urce of clectrons for conversion of oxygen o the

sup Bl atalyst in the Fenton reactior,

desferrioxamine has antioxidant propertics i itro.®

Steroids shonwed reat promise a clinealy useful antox-
dants, including in animal studies o

toxicty. These results hase not translated inco a lini-
cally useful effec in humars.

pulmonary oxygen



These compounds, along with other in itro antioxi-
dants such as n-acetyl cysteine, Brcarotene and dimethyl-
have generally failed to live up to.their
i human disease. ™ There are three poss-
bl esplnations Fist, studes of ROS.production and
insrdats i hanancells re el e and there
s know s s i Scond
e e e
ROS generation (e, mitochondria) or damage (c.s
nuclear DNA) is likely to be poor. Finally, ROS produc-
tion for bacterial killing is fundamental to mammalian
defence systems, so any non-specific antioxidant activity
B bl ekl et Visienic it ons
ity or diseascs known to involve ROS is therelore
or o Ty laid.

CLINICAL OXYGEN TOXICITY

The most important clnical conditions in which oxyeen
bas becn deniiod s th sl preiplaing e e

fen comnisions pulonary osyen vy an
reietonal gl

Oxygen convulsions (the Paul Bert effect)

s well established that exposure to oxygen st g partsl
s of 2 atmosp

divers. This limits the depth to which closed-circuit
axygen apparatus can be used. It is interesting that the
threshold for oxygen convulsions i close o that at which
brain tissue PO, i likely to be sharply incressed (see
Tble 261). The eoionsip to crcbrl s 10 s
by the observation that an clevation of PC
threshold for convulsions.  High PC
incresses cercbral blood flow and therefore raises the
tissue PO, relative to the arterial PO, Hyperventilation
and annesthesia cach provide limited protection
Convulsions result from poory understood changes
i cellular interactions between yaminobutyric. acid
(GABA) and mitric oxide. GABA cancentrations decrease

because of the
ATA) and the tosic effects of CO on the brain itself. In
this case, 1-21% of patients experience convulsions

higher pressures used (normally 2.5-3.0

Pulmonary oxygen toxicity
Pulmonary tssse PO, s the highest in the body. n sddi-
tion, a whole rane of other oxidising substances may be

inhaled, including common air pollutants and the con-
stituents of ciarette smoke (sce Chapter 21).
is therefore the organ most vulnerable to oxygen toxic-
range of defence mechanisms have developed.

The lung,

i very high in the fuid
lining the respiratory tract, Extracellular SOD is abun-
dant in pulmonary airway tissues and sbnormalites in its

{page 21), are believed to also incorporate vitamin E into
the surfactant lipids. ™
Pulmonary oxygen toxicity is unequivocal and lethal in
Taboratory animals such as the rat. Humans seem t be
fa e sesive, bt there o formiable ostacls to
cgation of both human volunt patients
Stk f v iy b skl mromcats
complicated by the presence of the pulmonary pathol-
oy that necessitated the use of oxysen

Symptoms High concentrations of oxygen cause irita-
tion of the tracheabronchial tree, whi

tally t0 a sensation of
exposure feads to chest pain, cough and an urge 10 take
decp breachs, Reduced vtal capacity i the first measur-
sble chnge in lung function, oceuring after about 24
hours of normabaric 100% oxygen. Oxygen exposure
beyond this point leads to the widespread siructural
changes described below, which ultimately give rise to

y A s an
inhibitory neurotransmitter, it is not unreasonable to

t hat a reduced fevel might result in convulsions.
¢ is known to sensitise newrones to the toxic
dis alsoinvolved in hyper-
oxicconvalsions. Nitricoxide inhibicors delay the onset of
convulsions in hyperaxia®®* but parsdoxicaly the same
effct s seen with some NO donors * Whaterer the role
of NO, the final common pathyay seems to be mediated
by disturbed calciom floxes and increased cyclic-GMP
concentration.”

a 5 P in lung

Celular changes® Electron microscopy has shown that,
n rats exposed to 1 atmosphere of oxygen, the primary
change is in the copillary endathelium, which becomes
vacuolated and thin. Permesbilty is increased and fluid
accumulates in the intersttial space. At a later stage, in
monkeys, the epithelial lining is lost over large aress of
the alveali. This proces affects the type I cel (page 21)
and is accompanied by proliferation of the type I cell,
which is relatively resstant to oxygen. The alveolar/



apilry merbane i rstly dickencd, partly because
of the substitation of type 11 for type I cells and partly
because of interstitial o

Limits of survival. Pulmonary effects of oxygen vary
greatly beruveen specics, probably because of different
levelsof provision of defences against free radicals, Most
sroins of rat willnot survive for much more than 3 days

oxygen breathing for about 2 weeks, and man is prol
by even more esiant. Quygen lerance for ol
<o studics are based

stage of o
invrs relatonship beueen s nd duration of toler-
able exposure 0 hours of | stmosphere had &
T 10 et oo

ms 10 be related to PO

an stmosph
19.1) vith o apparent il efects. There is abundant -
dence that prloged xpesr o envronment dos
ot result in demonstrable pulmonary oxygen toxi
s enablhing a . of 34 KPa @55 i) o2 e
50 confirms that the signiheant factor is partial
ure snd not concentration. In contrast, the concer
ation of oxygen rathe partal pres
important factor i absorption collapse of the fung (see
elow).

Cllnical studes. Some limited information on human
pulmonary oxygen toxicity has been obtained from
atients n the couse of therepeuic administeation of
of 70 patients who died after

ol amﬁml w..m.mm reported a greater mumber
of pulmon: nalities (fibrin membrancs, oedema
21 oros) i those wio had seceived more than 0%
e, However, the higher concentrations of oxygen
patients with

erefo

ry abrort

difficult to distinguish between the effects of oxygen
jtsclf and the conditions that required its use. A similar
wup of patients ventilated for long periods with high

on (hn Rre i carely of

ypoxaemic patients. An elegant attempt
5 ovod the. commplcatiag factr of peeesisting ok
‘monary discase was made in 1970 by Singer eral.
venalted  group ofpatints wih 100% oxysenfor 24
b

Tweomedongenendy

ance) were not significantly different from 2 control
sroup eciving s than 425 omacn

In comtrast to these essentially negative findings, @
sy in 1987 obtaind postive indings n randormised
crial involving patients ventilaced after cardiac surgery.
Venous admixture was significantly greater and arterisl
POy less in patients receiving S0% axygen than in the
roup receiving less than 30%. There
causes for these changes, but the ,.umm concluded that

iecessary elevation of inspired oxygen concentracion
ot beavolded,  view o whichfet would disent
in the current state of knowledge.

are many possible

Pulmonary absorption collapse. Whatever the uncertain-
tis sho the sucepiilty of humans o pulmonary
oxygen toxicity, there is no doubt that high concentra:
oo oyt in s o he g it lew ventation/
o o )Tt ol Thi i vt
tinely during snacsthesia (page 303) and may be demon-
strated in the healthy but middle-aged wake volunteer.

few minutes of breathing oxygen at residual lung.
volume resuls in radiological evidence of collapse, 2
reduced arterial POy and substersal pain on attempting
a maximl inspiration

Balancing the risks. Prevention of dangerous hypoxia is
always the st priority and mus b treated in spite of
the various hazards associaed with the use of oxygen
A teasonably safe artesal PO; is 10kPa (75 i)

vidal patent depnds on many fctrs and na general
e can be formulated.
“The ke to aveding the potentilly harmfl effects of

ygen in the clinical t i prevention.

fant in patients exposed to paraquat or bleomycin,

Retrolental fibroplasia (RLF)”
sorly after RLF was first described in 1942, it became

taled in the management of neonates. This res
sk 13 sy ity s bl
hypoxia, and thereafter oxygen was carefully monitored
ond taed in the hope of secring the racrow course

oepeenfor 5 nd 7 ey, respecivl. Various Indice of
pulmonary function (VD/VT satio, shunt and. compli-

‘hypoxia and the Charybdis of RLE.
“This policy has not ersdicated o Lot s el
some evidence that RLF may occur in infants who have



never received additional oxygen. Vitamin' T has been
sed in the acemp. to prevent RLF, bt it is curseotly
elived that hyperoia s but ane of a varity of factors
hat oy cause RLF by chinses n he el vz
supply. RLF is increzsingly

el yrdislds S
nverse relstionship. between bith weight and it
incidence.
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e o o
in normal

e ey
iratory muscles of their nerve.

supply, and abormalitis of the chest wal, lung

or aiways.

Medestinceasein the inpled ayoen

concentration will correct hypoxia du

ventiatoryfallure, but may worsen e

Correction of hypercapni

improvement i alveolar ventiation, which often

requires artificil ventilation.

Definitions

Respiratory faiure s defncd s a faluse of maintenance
of normal el ood s paril resres. Hypo

a result of cardiac and ather extrapulmonary forms of
e kb i i ) Resony
failure may be subdivided

arterial PCO; is normal or low (type 1) or elevated
(spe 2). Mean of the normal arterial FCO; is 5.1 kPs
(35.3 mmHg) with 95% limits (25.4) of £L0KPa
(7.5 mmHg). The norml areril PO, is more diffcult
10 define because it decreases with age (page 180) and
i strongly influcrced by the concentration of oxygen in
the inspired gas. Mechanisms that contrbute to respira-
tory faiure inche ventiltory fluze (educed alvealar
venslton)and venous st a2 et of

pure intrapulmonary shunt or sentiation/perfusion mis-
match (see Chapter 8).

Ventilatory failure i defined ss a pathological reduction
of the slveolar ventilation below the level required for

e st anos o R s o e
Because arterial PO, (unlike arcerial PCO) is so strongly
influenced by shunting, the adequacy of ventilation is

comverienly dfned by the arrl Pco, shough

abo reflected in end-expiratory PCO; and_ POs.
T bt ety okt vy
failure; other causes of respicatory failure are described
in the next four chapters

PATTERN OF CHANGES IN ARTERIAL
BLOOD GAS TENSIONS.

Figure 27.1 shows, on a POy/PC0 disgram, the typical
patterns of deterioration of arterial blood
pisatory failure. The shaded area indicates the normal
range of values ith incresing age, corresponding 0
lefward shift. Pure ventilatory falure in  young pes

OPD), the most common cause of
il eniton b, ocurs inalde people o he
abserved patzern of change is shown within the upper
v Fore 27.1. Thefimitof sarvival, il breath
i s s reached at a PO; of sbout 2.7 KPa (20 mmHg)
and PCo of 11 kP (83 mmH). The limiting factor is
not PcO but POy, This prevents the rise of PCO: to

predomi-

higher levels except when the paticnt’s inspired oxygen
concentration s increased. It may also be raised above
11K by the inhalaton of carbon dioxide. In ci

of blood gas chanes caused by shunting or pulmonary
Venous admixture (see Chapter

In general, the arteral PO, indicates the severity of
respiratory ffure ¢ the patient i breath-
g air), ehereas the PO, indicates the ifferential dig-
e L
in Figure 27 ratory disse it i, of cou
common for \mul:zmy failure and shunting to coexist
i the same paties

Time course of changes in blood gas tensions in
acute ventilatory falure

Although the upper srrow in Figare 27.1 shows the
effect of established ventiltory falure on arterial blood




Figure 27.1 Patter of deterioration of areral
blaod gases in chronic obstructve puimonany
The shaded

area indicates the normal ange of areral lood
res fom 20

puimonary disesse in Chapter 2.

Al Po, 603

s tensions, short-term devigtions from this pattern
occur in acute ventiltory falure. This is because the
time courses of changes of PO, and PCO; in response to
acute changes in ventilation are quite different.

By stoces of axygen are mall, amantin o bt
1530 ml swhile breathing air. Therefore, following 2 step
change in the level of alveolar \m.hnu.. She lvolsr

15

dioxide are very large, of the arder of 120 litres. There-

ey attain

lowing &
Figure
10.11) and the halF-time st Peo, following a step

i increse (sce.

reductionof venlatin i ofthe arderof 16 mi
e aalpiate
L
st sl ik notemli
e e
stances, such s when breathing ar, give an earlier warning
of hypoventilation then the caprograph, This breaks the
rule that the PCO; s the essential index of alveolar
ventilasion, and it may be erroncously believed that the
diagnasisis shunting rather than hypoventilation.

CAUSES OF VENTILATORY FAILURE'?

27.2. Lesions or ‘malfunctions at sices a-e resul
i o e St pale Dy

in evident dysproes and no one s likely to miss the diag-
nosis of hypoventilation. The various sites will now be
considered individually

. The respiratory neurones of the medulla are depressed
by hypoxia and also by very high levels of PCO,
bly of the order of 40 kPa (300 mmHg) in the healthy
unanaesthetised subject, but at 2 lower PCO;
ence of some drugs (see below). Reduction of PCO;

ct. Loss of respiratory sensitivity to carbon dioxide
occurs in various types of long-term ventlatory Faiure,
particularly COPD, and. this is discussed further on

A \nd«-. variety of dmg\ may cause central apnoea or

respiratory depression and these include opioids, barbi-
wurates and » hetic agents, whether intra-
venaus or inhslational. The respiratory neurones may
also be affected by 2 vartety of neurological conditions,

such as raised intracranial pressure, stroke, trauma or
ncoplasm.

The causes of ventiatory filure may be conveniently
considered under the headings of the anatomical sites
where they arise. These sites are indicated in Figure

b. The upper motor neurones serving the respiratory
On

¥ oly
compleelsons bove the thied e Fourth crvia vene:
brae will affect the phrenic nerve and result in total
s e e



ceicalvenbraere el commonat eslo o

Figure 27.2 Summary of stes ¢ which lesions, drug
acton or mafunction may result i ventilatory faiue. 3.

resistance of
small ainways. |, Upper sinvay obsiructir

ingly.

Myasthenia gravis i an autoimmunc

of action pi
sparing the diaphragm. Uppm ‘motor neurones may be

el junction are dessoyed,leadin t0 rogresve
of an drug

weakness.
such as edroph

Y 4 1 )

. The anterior horn cell may be affected by various
disease processes, of which the
poliomelitis. ehis condition is now rare in
the developed warld but it can produce

e o 3 el e ol
piratory muscles.

Fortunatel

d. Lower motor neurones supplying the respiratory
prone to normal traumatic risks, and in

phrenic nerves were surgically inter-

muscles arc
former times the

tltory e at this fevel.

(Guillain-Barré syndrome) remains aselacively common.

neusological cause of ventlatory falure. The syndsome

results from an immune-mediated actiology and is char-

acterised by 3 rapidly ascending motor nerve poralys
“which in one-shird of patients progresses to quadriplezia

and total respiratory muscle paralysis With modern

death

tion at the neuromuscular junction and causes an imme-
diate improvement in symptoms. Immurosuppression or
thymectomy are effective current therapies, but almost
90%of aiets it eneraied myscheri il e
long-cerm treatrre

F.The respiratory muscles themselves are rarely entirely
respansible for ventilatory failure, but they often con-

tribute to reduced alveolar ventiation in a variety of

of the diaphrogm my remain nora, the zone of ap-

position is reduced (see Figures 6.1 and 6.2) and the
resulant. shortening. of diaphragmatic_musclefbres

Sifcantly impalrs their function? The resprstory

misces may s bcome tgued s el of workig

a st this is not thought 0

aceur until very xm ot onsi o ot e v

mpor and 85t of
sufferers make s complete neurological recovery

. The newromuscular juntion is alfcied by svent
locking d

mwd) evclop 2 polymeuropathy snd oty of the
rstory muscles, particularly if sepsis is the under-
st e v il

locking dr
ssed i smesthes, rganophosphoris ompouds s
nerve g Howete, myssthent i s by far the
e e oy i
marked espiatory mscle weaknessoccurting n seem.

cytokines nnd believed to be contribut-

urthermore, following a long peri
of arufcial venlon, resprstory musces devclop
“disuse atrophy’. These factors all make weaning from
vemlation diffcut (page 430).

g mechani
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Candiac  result n resp weal
s owing 10 recuced blood supply, often coupled wih
loww compliance lungs due to pulmonary ocdems (see
Chapter 20)

Assessiment of respratory muscl strength i described
on page §9.

:Loss of sty of the i or et wall i 2 poce
cause of ventilatory failure, It may arise within the hungs
(e pulmonsry brosis oracuteFamg nury). inthe peura
(e, chrosc cmpyema wih vinous covering of the

However, sisance and
ventiatory failure is a complex subject, which i consid-
cred belonw:. In the clinical eld, airvay resistance is
scldom measured bt is most often inferred from meas-
urement of ventilatory capacity:

j.Upper airway abstruction occurs ina wide rane of con-
ditions, such as airway and pharynge tumours, upper
respiratory tract infections, inhaled foreign bodies, and
tmour or blecding in the neck causing external com-
presion of the sy Stsidr s comman s should

pleura) in the chest wall (e in the
Sin (et comamceed umt i e I
quently forgotten that scemingly mild pressures applied
10 the outide of the chest may seriously embarrass the

in total apnoca. A sustained

(45 mmHg or a depth of 2 feet of
water) is sufficient to prevent breathing, This can occur
when crowds get out of control snd people fall an top of
one another, or when either children o adults become
accidentally buried under sand or other heavy macerials,

a clnician to the caus
i Alrmalls ey oot 5 B niren
el ths e S sl o
oo, s i infecti

< epiloris q\mk o o
e e abilty of the respiratory system to
overcome increased airway resistance (page 49) is such
that sencilatory failure is normally a late development.

Increased dead space

ventilatory failure, for example from multiple fractured
sibs. A condition known as flail chest arises when multi-
ple b are broken intwo plcs, llowing the middle
scction to move independently of the anterior
and posterior Tred' sectons Movement of the
segment is then determined by changes in intrathoracic
pressure; with spontancous breating, a paradosical res-
ol el g o
zh will compromise tical volume. This condi
o sesuhin fom Bl esua sh o fmpackon e
steering wheel, has become less common in the UK since
the use of seat sory. Flal chest may
need to be treated by arcificial ventlation with intermit-
tent postive pressure, slthough conservative treatment

'lE

s became compl

Very rarely,

ey el s
s cause vemilatory f volume may be

expiratory PCO; gradient (more than 2 kPa or 15 mmHg)
indicates an increase in the alveolar dead space. This
condition may be caused by ventilation of large un-
perfused areas of lung (e.g. an ai cyst communicating
with the bronchus), pulmonary emboli or pulmonary
hypotension. External or apparatus dead space almrcnds
o reduce alveolar ventiltion and may be adde
intentionally or accidentaly.

BeATIONS R GETWESH VENTIATOR)
EN

becoming more common.

Clased prevmotharax causes interference with venti-
lation in proportion to the quantity of ai in the chest.
‘With 2 tension pneumothoras, the pressure rises abov
atmospheric, collapsing the ipslteral lung, displacing
the medisinun and ety colapenthe conrlc
eral lung. The function of the respirat
enalsckan eaeluton oy becog el loe The
dgnods and corection of the coniin i mater of

cated by pendulum breathing between the two lungs.

. Small ainvay resistance remains the commonest and
most imparant cause ofveniatory falure, The phy
ology of discases affcting a

o Ghaptee 28 nd will no be discused farher. here

CAPACITY AND ILURE

Tests for the messurement of ventilatory capacity are
descrbed on pages S8 et seq. However, a severe redc-
o in ventilatory capacicy does not necessarily mean
it pien. will e n ventry . Fiare 273
shovws the lack of corelaion bets and arterial

iy el e o e
ents with COPD.*

It hold i b e i e sl st of v
dlatory capacity he expiratory. muscles
e i da el
the action of Inspiratory muscles.

Metabolic demand and ventilatory failure

protein intake is a major factor in the
Similarly, in sentilatory falure, the

In renal faik

onset. of urser



@@ s
PRV, Ges)

Figure 273 Lack ofcorelation between areral #c0, and
forcad exciratory
with chronic obstructive pulmonar
incicates the upper limit of normal or P, (Data from
eference )

onset of hypoxia and hypercapnia is directly related to
the metabolc demand.Jist a5 = wich renal faflure

Factors 2 and 3 together result in an increased minute
vollume for each level of actvity

Agin, on the assumption that dysproea will not be
apparent until the minute volume is 30% of MBC, the
reserv lation s novw suffcient for rest, but 100
watts of pavwer output will result i dyspnoea

Finally,in Figure 27 4c, the changes have progressed to
the point where resting minute volume exceeds 30% of
MBC and the patient is dyspnoeic at rest.

e of ventil

BREATHLESSNESS®

Bresthlcssness or dyspnaca has been defined as ‘undue
awareness of breaching or awarencss of difficulty in
breathing"" This definition applies o both the swarc-
ness of breathing during severe exercise in the healthy
subject and the dyspnoca of o patient with respiratory
filure or heart failure. In the first case the sensation is
ormal and to be ex; However, in the latter, it is
pathological snd should be considered s 3 symptom.

benefit from s | 3 severe

reduction of ventltory capacity protect themselves by

limiting the exercise they take.
As COPD progresses, the

ventilatory  capacity

ventilatory requirement is because both the dead space
and the oxygen cost of breathing increase. The patient i
thus trapped i @ pincer movement of decreasing venti-
latory capacity snd increasing ventilatory req

As the jaws of the pincer close, there s first = mitation
on heavy exercise, then on m e and 50 on
untl the patient is dysproeic at rest. AU any time his
work capacity is hnmcd by the Fation o i ventia:
tory capacity that he is able to maintain for 3 given level

of axygen 1y
e complex. intersction betvieen these fictors s
demonstsiod in g 274, where the ugper pars

. Tk o
T i s
y (MBC)

subject can comfortably
to about 30% of his maximal breathing capacity
without dyspnoea, he has 3 reserve
fy i & sl
watts. o
i i e e
this level of exercise he becomes aware of his breathing.

Figure 27.4b shows moderately severe COPD with the
fallowing changes.

MBC reduced from 150 to 60 Lmin
Dl e e o

e of ventilatory capac-

om n cost of breathing increased by 10% for cach
fevel of activty.

The origin
Hypoxia and Dypercapnia may force the patient to
breathe more decply but per se they are not responsible
for the sensation of dysproea, which arises from the ven-
ilatory response rather than the stimuhus ftsell. Patients
with respiratory paralysis caused by poliomyelici did not

crebralcatees undes thoe condions." Nethers dye
proea srctly relaced <o the work of breathing. Some
patients have dyspnoes at reltively low levels of work
of breathing, wheress others show no dsspnoca at high
levels of work. Fatigue of the respiraors muscles may
e factor insome cases but is clarl ot the only couse:
of dyspnoca.

I 1963 i was supsted thet o mjr ot i he

thas breathing was in some way hindered. The theory has

origin of the sensation of breathlessness. Blood gas
sions o means the only factor limiting breath-
Holding time, skthough POy is more important than




Figure 27.4 Relatonship betieen maximal

a Normal
e eathing capacty (MBC) and ventiatary.
150 100 and 200
watts. The tips of the arrows indicate 30% of M,
‘which can usually be maintained without dyspnoss.
Ventiatory resere s between 1 and the
P ity requirements. (a) Normal,
) Moderate lossof ventilatory with some
increase in oxygen cost o o Severeloss
of ventlatory capacity with considerable ncrezse in
30000 MBC E the oxygen cost of breathing.
@
100t 200 hats
b
1507 yoryi-aone incressed 105
Q
ol
00wt 200%ams
3
1507 v so Voyincreased 20%
100-
£
ES
o
100 et 0%t

Poo, The snsaton that ermitesbesth beding can - from respinory disoe, particularly acutely, is often
e relieved by ventilation without change of blood gas  sssociated with anxiety and panic, which exacerbate the
tensions, by bilateral vagal block snd by curarisation.  symptom. Conversely, many patients with prismary psy-
Diaphragmatic afferents appear ta be more important  chological complaints, such as panic disorder, present

than those from the intercostals. with dysproca in the absence of any respiratory disease

Mismatch of motor and sensory activty in respiratory It cannot be said that the problem of breathlessness is
neurones s niely o b e Full xplnation ofbreah- - compltlyunderstond ot te et e * The origin
lesseso ) There s now e donb st rechlesness s ‘multifactorial and the mechanisms of its
involies a paychological component. i setng mznnm\ are clearly complex.




Treatment of breathlessness, Optimal tretment of the
inderlying discase process that dy

s causing the dysproea

How
nd i sl all et with alane
ractable and disressing problemm. Pal-
Hiation of brexthlessness is now recogpised 2  valuable

* Systemic opioids are
i e e bmm is mediated by

redcing the respiatory drive or by simply lteing
the patient’s perception of their breathlessness s
unknown, "

PRINCIPLES OF THERAPY FOR

VENTILATORY FAILURE

3
Aveolrveniaion i YBTPS)

O SRS B eyt
atres The percentages indicate the inspired cxygen
Concentaion tat b them e o reorenermalsvelar
Fo.

tion, which carrics the risk of dangerous hypercapia

Many patients go about thei busine cisl Peo,
T Wi (00 e, iaber s e
associted with increasing disbilty, larely due to the
accompanging hypoxaemia when the patient is breath-
ing air (se Figure 27.1). Treatment may be divided into
symptomatic reliel of hypoiemia and. attempts 1o
improve the alveolar ventiltion.

Treatment of hynu)uemu s fyposmation
by administration of o

Hypoxia must be trnwd as the first priority and admin-
istration of oxygen is the fastest and most effective

“The relationship betsween alveolar PO, and alveolar
Vel 1 e bt o s 167 o g o i

of high concentrations of oxyzen under these circum-
stances, the effect may be even worse in patients who
have lost cheir ventilatory sensitivity to carbon dioxide
and rely upon their hyporic drive to maintain ventlation
(page 381). Recogntion of his potential problem unfor-
tunately resuited in 4 tendency to withhald oxygen for
Fear of causing hypercapnia. The rule is that hypos

o kil quekly
However, it must

must be treaed first, because hyy
whereas hypercapnia kills slowly.
always be remembered that adminisiration of oxyie
e e oyt sl g 2o
improve the PCO; and may make it worse. The arterial
PCO; must be measured if there is any doub.

Improvement of alveolar ventilation

trated in Figure 11.2. If ocher factors remain constant,  The only way to reduce the arerial PCo s to improve
st the o
¢ improve ventilatory capacity by treatmen of the under-
increases in nspve oxygen concenration ar reied Iyng cause while simaltacousl prviding carfuly con-
Be i eIt g i Figure drugs that

iows the rectangular hyperbola relating PCO; and
xheo\anenulz(mn (as in Figure 10.9), but superimposect
e the concentrations of inspired oxyzen required to
restore a normal alveolar PO, for different degees of
alveolar hypoventilation. It will be scen that 30% is suf-
ficient for the degree of alscolar hyposentilation cha
il et in an sl Pcox of 1310 (smsc
100 i) ey i = ey P,
theefore S0% can be regurded e s e of
g oeypen conbiatdon i the pallia-
hve el of fpanis B b vest oy hulun: without
attempting to improve the alveolar ventilat
TR e v s s e v
will prevent hypexia even in gross alveolar hypoventila-

depres becbing
o seund o 5 chemial snbtionof breehi

F COPD, but orly for the firt
e hours aftr admission to hospital™

The third ine of treatment i by tracheal intubation or

tracheostoms, which lar ventilation
by reducing dead space and faciltating the control of
secretions.

The fourth line of therapy is the institution of atifi-
cil ventiation (considered in detail in Chapter 32). It
s difficul to give frm guidelines for the inscitution
antificial ventilation and the arterial PCO should ot be

of




However, artficial

under similar conditions, it is also th

tory fulure from this cause occurs only very late i the
ourse of most respirstory discases. For example, i his
‘mentioned above that the PCO sises late in acute

al PO, has risen much above the normal
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Chapter

2 8 Airways disease

KEY POINTS
= wmm S NG
n, gas trapping and
hypem\llﬂ!oﬂ of the lung, which manifests itself
as breathlessness.

Asthma involves intermittent, reversible airway
obstruction caused by aifway inflammation and
bronchial smooth muscle contraction, both as a
result of mediators released from mast cells and
eosinophils.

® Chronic obstructive pulmonary disease is

now between 15% and 30% in
and has approximately doubled in the last 20 years,">
although there are now some signs tht the epidemic
may have reached its pesk For many years, mortality
from asthma increased in parallel with the prevalence of
the discase, but deaths from asthma also now seem to
have peaked in most countries.

developed countries

Clinical features

Asthma causes recurrent episodes of chest “tghtness’,
wheezing, breathlessness nnd coughing a5 a result of

nartowing caused by airway inflammation and
loss of lung tissue elasticity, mostly a5 a result of
smoking-induced activation of airway

neutrophils.
= Cystic fibros herited disease in which
e
Impairsthe normal pul defent
mechanisims, reaﬁnq 1o hronic and desuctive
‘puimonary infection:

“This chapter considers the physiological changes seen in
the three most common discases of the pulmonary air-
ways: asthma, chronic obscructive pulmonary disease
(COPD) and cystic fibrosi. The fist two of these have
many clinical and physiological features in common and
togcther constitute the vast majority of respiratory
discase seen in clinical practice.

ASTHMA

Lung discases resulting from s pollution and infection
have decreased dramatically in recent decades, but have

e vess of she work,though the s o chis dfTer
et e e et i 4 i S

below).! In contrast to many respiratory diseases, the
e e R
adulthood. The prevalence of asthma smong children is

airway inflammation of
the small sinways and coneraction of bronchial smooth
muscle in the lawer ainway: The term ‘asthma’ includes
a wide spectrum of illnesses, varying from a wheazy 6-
month-old baby with a vira infection to 3 youn adult
with multiple allergies manifested as wheere or an older
i hil T e L the ool
sthma merge with those of COPD and
i betmien T two'le dfhoile Changig
dingnostic criteri” have almost certainly contributed to
the apparen increase in asthma preval
nevenhels sl & ol Inceesse Whateves the lnca
presentation, there ar three closely related phases of an
episode of asthma, as follows.

lence, which is

nchospasm accurs early in an asthena ‘actack’. This is
particularly prominent in allergic aschma when, within
e of ot s tlont Gl i

attempting to breathe in when the lungs are almost at
total lung capacity and 3 sensation of inspiratory dysp-
noca results, even though the defect is with expiration
Physilogical effects of hyperinfiation are described on
pae 380.

Bronchosps
neously or with wreatment, but
gresses 10 a late-phase reaction.

asm may quickly subside, either sponta-
‘more commanly pro-



develop 3 few hours after the acute

bronchospasm phase nd the onset of symptoms is then
more gradual

v byperesponslveness (AHR) decribs the chsr
s i Sl e wheezy in
el ol that have Hike
et on norma ndividusts, Sl inclce such things
s cold s, exercise, pollution (page 204) or inhaled drugs
and occur via the neural pathways present in normal
lungs (pase 46). Methacholine or histamine can be used
to measure AHR accurately by determi
concentration that gives rise

piratory volume in one second (FEV:).
wing bu, unlike hista-

inflammatory state of the sirway. For this reason, it is

ommensil b

0,
 Alergen or anigen e, (o, LT

378

eia espiratory ptogers

Bronchaconstricion

hoped that adenosine provocation may prove useful for
monicrig he effecivencs of stinfammatoy e
ment of asthim s or cven for differentiating
The degree of AHR scen in patients with asthma is
highy variable. Severe asthma is associated with contin-
ous AHR, whereas in mild asthma the patient's response.
will be normal betaeen wheezy episodes.
Cellular mechanisms of asthma*'*
Many cell types are involved in the pathophysiolosy of
sthma. A summary of the interactions between these
cells i shown in Figure 28.1, which also shows the prin-
cipal cytokines that facilitate communication between
the cells.

Mast cells are plentiful in the walls of ainways and alveoli
and also lie free in the lumen of th where they
Sty el e Mw cell activa-
tion s ¢  of the immediate bronchospasm
een n algenprovoked ssthons, The e
mast cell contain a large number of binding sies for the
immunoglobulin I¢E. Activation of the cell results from

Figure 281 Inflammatory clls nvolved i the

interferon; TGF, ransorming growt

T8, 17,



Histamine. Prostaglandin D, Intereukins 34,56 30d 13
Heparin Thromboxane A, Granulocyte/macrophage
Serotoni Leukotrienes C,, D, and £, colony-stimulating factor
Lysosomal enzymes: Tumour necrosi factor
ryprase Platele-activating factor

Chymase

BGalactosidase

B-Glucuronidase

Hexosaminidase.

antisen bridging of only a small number of these recep-
tors and may also be initated by complement fractions
C3a, Ciaand CSa, substance P, physical stimulation, and
many drugs and other organic moleculs.
of the mast cell i ths

iated by an increase in

inositol_triphosphate and intracellularcalcium _jons.
Within 30 seconds of activation, there is degranulation
with discharge of a range of preformed mediators listed
in Table 28,1 Histamine acts directly on H, receptors in
e bronchial smooth muscle Fbres to cause contraction,

sranules also contain proteases, maink
can detach epithelil cells from
brane, resulting i umation and possibly activating
neuronal seflexes, causing further bronchospas.

The second major cvent after mast cell activation is
the initiation of synthesis of arachidonic acid derivatives
(see Figare 12.2). The most important derivative of the
eyclooxygensse pathuway is prostsglandin PG, which is
a bronchoconstrictor, although its clinical sign

formation of leukotriene (LT) Ci, from whick
furher peptideleskotiencs, LIDi ad e, ae formed
(see Figure.

e B e iyt s
some of which are contained within the granules
whezeas others are generated de noto on activation of the
cell. Interleukin-5 (1L-3) and gramulocyte/macrophage
colony-stimulating faccor (GM-CSF) are chematactic
for cosinophils, whereas IL-4 stimulates I5E production

Skt el LT3 T e
bronchoconstictors with  prolanged action. They are

attracted (o the ik relessed by
o Il oey ol efor being acivced by
and IL-3 originating from mast cels and lymphocytes.

Lymphoeytes have an important role in the contral of
mast cell and cosinophil activation. !> Activated B-
Iymphoctes are responsible for production of the
antigen specic I nee o cue s o
lation. Bcells are in turn controll
s o, known Tl and T2 el
T2 cells are important. proinflammatory. cells in
asthma, promoting both bronchospasm and inflamma-
tion by stimulation of mast cells, eosinaphils and B-
Iymphocytes with 1L-3, L4 end IL-5. The Ty cell is
on-specific n it response and relies on stimulation by
114 and IL-13 from antgen-presenting cells (APC) both
and for its subse-
proinflammatory.
eytokines. It is ot clear where APCs originate, but they
are probably located in the ainvay mucoss. Once acti-

pathogens, and this is the mmunological pathway
involved in normal pulmonary defences against

Tul cells arc slo generted from oa
Iymphoid tisue in response 1o cytokines released by
SCERaLA AP bt T gencration e yrakines
e i BTl

Eosinophils aze freely distributed alongside mast cells in
the submucosa and are now believed to be the principal
cellinvolved n the late-phase reaction of asthema. I par-

Zyibich iy e actiiy of T2 and Bocl,

e relative activity of the opposing effects of Tyl and
m Iymphocytes was, unil recentl, helieved to play
an important role in the development and severity of
asthma. However, this convenient explanation, based




Airways disesse

mainly on studics in animals, s now thought to be an
everimplicaton of the humans, particu-
larly with respect to the generation of Tyl cells*

A third subtype of T-iymphocyte is now thought to be
involved in immune regulation of the lung.' Regulatory
Tecells (Ty) are again generated from naive T-cclls, this

time in response to 1L-10 released by activated APCs.
Activation of the APC to produce the antiinflammatory
cyakines 1110, 1-12 20 L1 s bl ed to occur in
response to antigens from respiratory tract commensal
bacueria or from exposare 1o high levels of allergens "
Ty cells exert an anti-inflammatory effect by secretion
of 1L-10 and transforming growth factor B (TGF-),
which modify the activtics of bath Ty 1 and Ty cells*

situation in

eventully
ment membrane. Finally hypersecres

detachment ofthe el from the b,
‘mucus and

o
nal area and thus & hrgt
'10) Mo, inllammar

2 sigifcant pathological indio in ftal asthrma

peated scivation o nfam-

the expired air of normal subjects.” It i prodced from

the mucosa of the whole respiratory tract,including the

46), s involved in control of vascul
ot in blood. In asthmatic patients w
D e e
greater than in non-asthmatics.” In this situation, the
era O dertved Fom bl NOsynthase (NOS,
page 100) in the airway mucosa. Cytokines produced by

the inflammatory cells already described are believed to

response is ampl
effect on Ty 1 cell ™ Although NO seems unlikely to
have a major role in the development of asthr, is pres-
ence in expired air may in future provide a useful means
of quantifying the inflammatory component of asthma."”
In aidon, the discovery of anctber mecharem i
volved in bronchospasm has opened further potential
therspeutic avenues

Causes of airway obstruction in asthma?

Bronchial smooth muscle. Stimulation of bronchial
smooth msce b thesubstances shown in Fre 281
and Table 28.1 explains some of the airway narrowing
T o iy i Ao ey
stages.

Inflammation. Airway narrowing during the late-phase

in blood vessel permesbility and therefore
covee ondema of the epithelium snd basement mem-
brane.? Protease ensymes [see Tile 28.1) brsk down

the

matory pathways ,..ummv Y leads to sttempts by the
bl it il St kel

results in morphological changes to both the airway

ot muscle and the respiratory epithelium. Hyper
plasia of smooth muscle cells causes thickening of the
airway wall even when the muscle is relaxed and

Py i ot panicnts; ther  hckeaing of te
larnina reticularis of the epithelial basement membranc.
The clnical significance of airway cemodelling in asthma
i uakaown, but remdelin s belived 0 be respons-
ble for the longterm decline in lo

some asthma patients. The changes
sl e e
ment, and some recent studies have found that, in chi
dren, remodelling may even be occurring some years
before overt symptoms of asthma develop.®*

Aetiology of asthma

s A, alon widh e allgc s s
2 substantil genctic component with scversl genomic
esion iy e Inked it eveloplogthedtcassH
Environmental factors invariably contribute to the devel-
apment of clinical disease, but genctic susceptibility to

antigens, are pare of the major_histocompatbiity
s andso

normal epithelial
o et st o s e ot

376

are inherited. It s possible that some HLA types are par-



ticularly active in the processing of common allergens
and thus the stimulation of T,,2 cells or the suppression

Maternal allergic disease is more ikely to be passed to
offspring than paternal ough this may relate
to modification of the foetal immune system i utero
rather than a true genetic influence. During pregnancy,
Ismphocyte subsets Tyl and T2 are closely involved in
the prevention of maternal rejection and abnormalites
at this stage may influence the activity of Tyl and Ti2
clls in the offsprings immune syser, leading 1o aller-
i diemes nching astns, o e

A genome-wide scan of patients with asthma has
ecently ietifed a specific gene that s stromly ssoc-
ated with bronchial hyperresponsiseness ™ The
codes for a protein n
family of proteins vith diverse funccions, incliding the
control of cell-cell and cell-matrix interactions. In Tung
tissze ADAM33 protein is found.
ibroblasts but not epithelial cell,indicating its possible
ole in airway remodelling in asthma

5

in smooth muscle and

Allergy:” Changes in lving conditions have undoubtedly
contributed to the increase in asthma prevalence. In the
developing world, population shifs from rural to urban
environments have reduced exposure to parasitc infec-
posure to other allergens, and it
scems likely that the extensive IgE and mast cell systems
that formally inactivated parasites now respon 10 urban
allergens. I the developed world, changes in lving con-
e e spa llergen
expos r house dust mites (HDM, Der
ek sl e ot amieals i
fungi. Asthma is more commen in afflvent families and
comelates with exposure to HDM, which s
warm, humid houses with extensive car
beding, Thes conitons s el for the MDM snd
food supply of shed skin flakes. In some circumstances,
upto 15% of the contents of the vacuum cleaner by are
thought to be made up of HDM or their excretory pr
wts. Simply inbaling allergens is only pare of the expla-
natian of how allergen exposure causes asthma and once
again pregnancy plays a role. Allergen taken in by the
mother is believed to cross the placenta and influence
immunological development before birth. Neonatal T-
Iymphocytes taken from children who subsequently
develop asthma already show  reduced production of
interferon-y in response to allergen, indicating an exist-
ing immunological suscepibilty to asthrma

Yition Wil el e
sccount for over half

in adults a ‘comman cold" hinovirus is the most usual

Asthma

pathogen. Viral infection_gives rise to an immune
response involving many cells and cytokines, but Tlym-
phocytes arc particularly important and undergo both
virus-specific and generalsed activation. Incvitably, T2
activity is increased, giving rise to wheeze and sirway
inflammation by the mechanisms described sbove (see
Figure 28.1). In addition, stimulation of allergic mech-
isms i suscepible individulsconiues forsome ime
after the viral symptoms Thos,
xample, after a simple shinov
indicet anie e il ook oed
late-phase reactions remain increased for 4-5 weeks >

Hygiene hypothesi. This hypothesis o explain the rising
incidence of asthma claims that in the clean, hygienic,
developed world childzen are exposed to fewer infec.

Sans o oher eoviromatl sl then cly . f
decades 250

bt
inaly o0 3 Cildeen who e cxposed o more

infctions in early life, such as those with older siblings
or children iving on farme, are less likely 1o develop
allrgic disease. This led to: suggestion that lower infec-

nuberculasi, respiratory and gastrointestinal commensal
bacteria, some respiratory vira infections and hepatitis
Avirus all have the potential to rAd\uc asthma develop-
ment by modifictonof e ym
i Fiure 28,1103  recent seview dentifed three
more gmu\vs o el i
human s now less commonly exposed.” Termed “old
Fend’ by e mthocs zhcsc mcludc lactobaclli from
untseated. dai ophytic mycobacteria
o i e e Ry
known to promote activity of Ty cells and so potentially
protect against the development of asthma (see Figure
26.1). For many of these microorganisms exposure to the
entire microbe is not requied and beneficial immune
responses may be gained from exposure 1o antigens
found in the dust and dirt of the environment.

ocyte subtypes shown

Pollution Trends i sir pollution have not generally fol-
Towed trends in asthima prevalence over recent decades,
the levels of many pollutants declining while asthma
becomes more common. Laboratory evidence described
on page 204 d

concentrations of nitrogen dioxide and.
sulphur dioxide. The levels required to cause wheezing
are sill higher than commonly cacountered i the
atmasphere, and although there is some evidence linking
air pollution episodies to respiratory problems, the effect
s believed to be small




for air pollution in the initiation of asthma has
imal experiments indicate that

gens, ,.rulubly by disrbance of mucoclry clearance
of. th

[ O R N A WS IO SRR T

mediated by inhibition of COX-3, " and.a small subset of

paients with AIA develop brenchespasm i response to

paracetamol.# This sensitivity to paracetamol ususlly

inolvesonly o mild rextionin respons o hih doses of
than 2°

allowsmors ime stk e e
matory cells such as APC." There is currently no evi-
e Sk by

Gastricreflux? Gastro-ocsophageal reflux symptoms arc
common in asthmatics and are involved in t

tion of cough or wheeze in up to a thi
Acid i the distal oesophagus can, via 3 vagally mediated
reflex, provoke either bronchoconstriction. itself or
sirway hypersensitvity o allergen. In more severe cascs,

ot o et T28 W0 e e
e of paracetamol was associated with the development
of asthma, leading to paracetamol use becoming the
s ot explain the nrcasd incidence of
asthns in recent yea

Principles of therapy

Detailed guidelines on the treatment of asthma are pub-
lished for both the UK and the USA,” and are beyond

oesop a <
SOncidphelayrican provoke severe broncho-
spasm. In patients with asthma who are resistant to
estment o1 who.bave mainly aoctunal symptora

reflux should be considered as a cause.

Aspirin-induced asthma (AIA)*

olvement of arachidonic acid derivatives in the

normal control of bronchi le (sce Table
page 49) predicts that drugs blocking these path-

ways may influence the airways of asthma patients. This

i indeed the case, with aspirin and the closely related

non-sceroidal

history alone, only 27% of
‘hecing n espone o aptn, bt when povocten
with oral aspirin

tation. Typically, AIA
e gt et i o nasil polsps,
‘and oceurs in more female than male patients.*

Mechanism of aspirin sensitivity. Inhibitors of the

the scape of this book reat

ment has now moved away from the traditional bron-

chodltor naler ‘wben nceded” approach of the past.

nphasis is mow on continuous treatment. with

dmgs " other srategis aimed at preventing exacer

bations and suppr % Thera-
peutic approaches inchude the following,

ressng airway inflammation.

Bronchodilators semain 2 commen trestment for relief
of acute bronchospasm. The ra
(page 47) are widely used and recent develop
include the introduction of longer-acting drugs such
a5 salmeterol. Other bronchodilator drugs include in-
hibitors of levkotriene zeceptors on bronchial smooth
e (g 49), blocking the effects of LTC,,

LT, They ar effcive n tresting sshms, ncud
ing A e e
and may be particularly \Lsef\l\ in patients with exercise.
or aspirin-induced asthma.

roids, % cither inhaled or oral, are an invalusble
il ens and treatment in asthma. The
matory effect of steroids is complex an
:om,v\:l:lv luckdated. Sterods sct o a glacocoricaid
i found in the cytoplasm of cells, following.

sthsis of the bronchedistor prosugandin PGE:
Reduced synthesis of PGE, cannot alone account for
ALA; patients with ALA also have increas uction of
LTE;, a potent bronchoconstrictor. This cffect on the
lipoxygenase pat iated by aspirin itself
and possibly results from loss of inhibition of lipoxyge-

.. Genetic polymorphisms for the enzymes
involved in leukotriene production may explin why
<ome patients are aspirn sensitive. * Multiple isoforms of
COX exist (page 205) and COX-1 scems o be rsponsi

thway is ot medi

hch, ¢

nd regulte the transciption of numerous genes. By a
combination of direct and indirect effects on transcrip-
cion, steroids inhibit the synthesis of a wide range of
inflammatory_proteins including cytokines, adhesion
molecules and inflammatory receptors.

Allergen avoidance is an auactive strategy for the pre-
sention of asthma in patients with known allergics. Low
humidiy is very effective in reducing HDM and there-
fore a high sictude (sbove 1500 m o 5000 ) HDM

drugs, known as ko highly specific inhibitors of
. 5 i

allergenis non-
compre asthma severity in normal and HDM-frce high-
d by

altitude e found improvements in

analeesic effects of paracetamol (scetaminophen) may be

both elinical and cellular measures of asthma severity



Honwexes, the rather drastic intervention ‘of moving to
high altitude is clearly not practial and. reduction of
allergen load in the kome is considerably less tﬁccmr
Measures include removing carpets, feducing tei

e iy, applcuion o scatide o Kl IDML
and encasing matiresses in allergen-impermesble mem-
brancs. Some studies b

senes responsible for this susceptbliey to COPD in
smokers are at an early stage.

COPD are characterised pathologi-
cally by ainway narrowing and inflammation, but the
causes and clinical course of the two diseases are quite
ifferst boroved ndtandingof e paoloy of

red 3 variety of major dif-

& metzanalysis did not support this approach.®
CHRONIC OBSTRUCTIVE PULMONARY DISEASE
Uniike asthms,

et el redae e
282, I is beleved that around 10% of patints bave 3
misture of the ti disease processes, usualy referred t0
s wheezy bronchitis

mistent, COPD s chaactered by progresive dm,...:

2
i

is poorly reversible with bronchodilators. Older paticats
are more af by COPD than by asthms, and the
progressive nature of the process leads to more serious
interruption of normal actvities and eventualy respira-
tory failure (page 363). COPD is now the sixth

ommon cause of desth worldide and s prevalence s
i

Actiology of COPDY*
moking s the major actiological factor in COPD. The
accelersted decline in FEV, seen vith smoking is shown
develop

The . -
tion in COPD relate to the discase’s strom association
with smoking, and with activation of neutrophils and
macrophages (page 292) rather than the cosinophils and
mast cell seen in asthma. Neutrophil activation causes
the release of several protease enzymes, mclnd.mg new-
trophil elastase which degrades pul asin,
6ol n She T of b s oo et che
sl ot on o COPD Smpkingdl e s
tive stress in the airways, again potentially leading to
neveraible s damge (page 292)

Three pathophysiological changes give rise to COPD:
emphysema, mucous hypersccretion of larger ainvays
and small airway obstruction. The last two of these are
often collectively referred to as chronic bronchits

Enphysemas e defneds permancs cbrementof.
o

in Figure 21.1 and the 15-20%
COPD probably represent an extreme response to this
effect of tobacco smoke* Attempts to identify the

Asthma

o the termin:
by destruction of alveolar it

The process b
enlargement of normal interalveolar holes, followed by

Clricalfearres

Infammatory<als

rrmstony efacts Haios

Perchel amiays

Mucousseceson +
Fross +

Figure 262

hest 2000, 117:105-145)




destruction of the entire alvcolar septum. Both ventils-
tion and perfson of the emphysematous area are there-
smatch of ventiltion

septais, however, important and reduces the elastic recoil
of the pulmonary e, o contribuing o closre of
smallairways, particularly during expira

ey oo hetrel et ipealoe

physema involse the relationship between protease
and antiprotease activity in the lung.* These enzymes
e normally released following activation of neutrophils
{e.2. neutraphil clastase) or macrophages in response to
tobacco smoke or infection. A deficiency of the most
well-known antiprotease, . -antitrypsin, is 4 sigaificant
risk factor for early development of cmphysema
(page 202). Disturbances of less well-understood
protease-antiprotesse systems, such as the matrix met-
alloprotesses group of enzymes, are now also believed to
be involved in the generation of emphysers, as these
proseses are ormally insled in emodeliog of the
extracellular lung_matrix Proteases with activity

probably explaining the general decine in lung recol
throughout life.

‘Small airway obstruction plays a major role in COPD,
but its aetiology is controversial. "> Part of the expi-
results from emphyserma, a5
¢ is also likely that changes i the

mucosal thickening, hypertrophy of bronchial smooth
muscle, and ultimately to deposicion of collagen in the
auter aineay wall~

Large airway disease consists of goblet cell hyperplasia,
mucosal ocdema and production of excesive amounts of
mucus, Recurrent respiratory tract  infections snd
smoking undoubtedly contribute and a chronic produc-
tive cough is the result. This feature of COPD is not
aliays present and its contribution to overall sirway
obstruction is variable. In some patients, extensive and
Jog saning infammation of h s sy e
o permanent thickening of the airway wall within the
oo iy e and o omes clcly e
degrees of abstru
Hyperinflation® At flove limitation in small airways
results from a combination of airway narrowing and loss

of castic reci of ung taoe. The lattr isof major
importance in muintaining the patency of airways less
i s s e ) e ey

leads to prolonged expiratory time co
Tung units and incomplete expiration (g3s trapping).”
Lung volume is thercfore forced to increase and the
‘patient hecormes dyspocic, particularly during any situ-
ation that requires a greater minute volume, such as
exercise or when a chest infection develops. Hyperinfl

tion of the lung vill, in theory, tend to oppose expira-
tory ainway closure (see Figure 4.5), but it also causes 3
significant reduction in the efficiency of the respiratory
muscles. In particular, the diaphragen becomes displaced
re disease, flattencd, reducing the

Hlation becomes permanent, with espansion of the chest
wall (barrel chest) and. imeversible flattening of the
diapheagm.

Principles of therapy**”

S b i sidlins fo the trestment of
"D have been published

‘smoking cessationis centeal to ll forms of treatment for
corp.

sicotine replacement and other drug. therspics may
improve this poor success Fate.

Medical treatment. Inhled bronchodilators may be uscd.
i on the reversibilty of the

from both \m se groups ne
improving lung fncion® Cortcosteraids ate ot 55
et fr reating COPD as hey are fo aschins, The
inflammatory clls involved are different (see Figure
28.2) and may be less susceptible to steroid suppression
Oxidative stress present in COPD airvays from neu-
wrophil activation snd smoking may inhibit one of the
transcription enzymes normally stimulated by steroid
drugs

Medical treatment also involves active management of
exacerbations, which may result from bacterial or viral
infections or changes in air quality® Mansgement of the



-

underlying disesse with antbiotics and
sl ventin ot e
non-invasive venilation (page 4

the best initial option for these patients ™

0) is nonw accepted

Supplemental oxygen at low inspired concentrations for
Several hours o day is beneficial in the treatment
D, Indications for its use are o Pao, of

advanced COP!

less than 7.3 kPa (55 mimHg) with exidence of long-term.

9-12KkPa (65
the long-term. mmahly from COPD s reduced.
Surgical treatment is reserved for severe COPD."%
en the airspaces crested in emphysema become
larger than 1 cm in diameter they are referred 10 as +
‘bulls'. Adjacent bullae can merge and result i
one-third of
bullae have licle

extremely large airspaces, occupying up 1
i lung volume. Like emphysema,

el
surgical treatment involves ‘bullectomy” and, with care-

v C
satons 0 nc e patiets whodoac bave

volume reduction surgery s removiog 20-30% of
lung wl\lmc. olnciude e

clinical trial” The physiological mechanisms of
improvement following surgery remain poorly

stood, but prabably include reduced pulmonary collapse
adiacent to emphysematous aress, improved clastic

and allow their PO, to increase above the normal ref-
erence range, usally without dysproes. Determinants
o which patteen indiidus paients desclop are uncer
tain. The underlying s (emphysema versus
‘irweyinflamaton) may dvermine the potern, 6 sy
the pitient's respiratory sensitiviy to carbon dioxide
before developing COPD.

Administration of oxygen to COPD patients com-
monly leads to hypercapria. Tiwo main mechanisms are
believed to be respansive.

Ventilatory depression by oxygen. Bluc blossers' may be

lying on their hypoxic drive to maintoin ventiltion. If

this s abolished, 35, for example, by the administration

of 100% oxygen, hyporentiation or cven apnoca may

result, Howerer, studies investigting oxygen-induced
e failed

mall to explain adeguately the chanes
in PCO. or only transient, returning towards buscline
ey minutes. Nevertheless, in one of
22 sbicts s, oo devloped
severe respiatory depression leading €0 dangerou:
ercaprin s st 15 mimtes o brating Toos
oxygen. A small n of patiens with COPD as
Cnetore lary mseepible. to oxgen-induced respira
ory depression.

ventilation after a

Attered ventilation/perfusion relationships with oxygen
e been proposed to explain hypercapnia seen in
COPD paients in wh inste ventilson rmains
essentially unchanged. ™ Alveolar PO, i known to con-

increasing bl
blood floe to other lung regfons with normal or high

recoil of an p
muscle function secondary to reduced hyperinflation.

Oxygen therapy in COPD.

ratios ™ These areas wil then
contribute further to slveolsr dead space and 5o cause an
increase in arterial PCO, (page 118).

Which of these mechanisms predominates in an indi-
sidualpaent s n.m..uy difficult to predict. Admi
O ik et

Patients with advanced COI y classified
pulfees and ‘bl bloaters’ which correspond
ind type 2 respiratory filure, respectively

sematous ch

keep a normal arterial PCO; for as Lo sible,
A s s O S whon b
blue bloat ity iy ducse (chronk

bronchitis), have lost their sensitvity to carbon diox

ekl e spanied by suit-
Shle s o bk Oeygendion snd el PO,

CYSTIC FIBROSIS

Cysic ibwosis (CF)is an autosomal recessive genetic dis
order affecting Caucasan individual, of whom 1 in 25
carries the gene. The disesse affects approximaely 1 in
2500 births™ and sbnormal CF genes can be identified




but there is 2 wide spectrum of clinical 8 Epitealcol
prediction of phenotype from gesetic r
ereening i compien 5 Cpacic iwest affects cptbe-
lial cell function in many body systems but gastroin-
estinal and respiratory function are the most important;

this chapter discusses only the latter
Abnormalities of pulmorary airway defence mecha-
isms e 1 Hfelong colansation o the oy Fbross
lungvithbateri: Recurent sivoy infecion produces
hypersecretion of mucus, cough

destruction of normal lung archit
bronchicass. Il infction pormlly occurs carly in
life and progressive lung the usual cause of
death. Mortality from CF remains hugh vith s ot

his has

Ay eing fuid

{afiney ™ Thus, st bough the aumber of CF births s con.
stant, improved survival means that the presalence of CF
i steadily increasing.

Actiology of CF

Biochemical abnormality

The molecular mechanisms of CF have been the focus
of extensive rescarch for many years, which has led
%o CF being one of the most completely understood
of inherited diseases. As fong 3go as 1989 the gene

major role in controlling sat concentration i epithelial
o) S rockon 8 Al by GETR
function, allowing messurement of the sodium conce

Figure 28.3 Sodium and choride ransport across the
B e sty smple iresie. _ pamoratyepthlalcl vl 45 Pro. o Rl ke,
sion for_ disgnos, being over twice normal fn CF Gyt brods uansmentrane regulor (CFTN) coride

patients.
The CTR comprics dhe yps f proci s Showing movement of the regulator domain (). Sodium
unit. 7 A ring of domains forms

e e AN et el e et e e SRR e e

S8 hrischedive the tmeclnaeck Gl tbacie B e e e
o nacleotide-binding domains (NBDs) that use ATP e membrane, o are non functonal when they oo Sodium
Sl o

domain (R) protein a to the NBDs and

Con move sy from therm o ‘apen’ the channel and _ iing id functon and o allow batea prolferation. MSD,
alloww chloride to pass into or out of the cell (see Figure  membrane spanning domain; NED, nucleotide-binding domain.
283). Intracellular protein kimse A actiates the

channel by binding to the regulatory domain of CFTR, ~ domains ta align correc ul), or failure of the CFTR to
\hereas ATP provides the energy and is dephosphory.  become_incorpor hecel 7
Gy he XD Orer 000t uations of - Ao s b araler e
the CF gene have been identified ar result deletion of just three base pairs from the gene, which
CFTR being formed, failure of the dm’um prol result in the loss of a single phenylalanine from one NBD

membrane.




protein and flure to lacate the CFTR in its transmen-
brane position.”

Causes of lung disease:

‘events by which abnarmal CFTR func-

sibly al

lso intzodiuces a layer of hypoxic mucus in which
anserobic bacteria can thrive

Principles of therapy

% involves assisting the clear-

tionlead v pulroeary pathology erias controversal

or against inhaled pathogens. Bacterial
colonisation, particularly wwith Psexdomonas aeriginoss,
i the disase procssand CF ptens b
an exaggerated inflammatory response to 2 variety of
s ey psthogena. A crce bsomes csblished n
ich bacterial infection leads o airway inflammation,
mucus production nd o ncion, ‘associated with
‘Abrormal CFTR func-
o ey adversly afee the ailty of the airvay to
remove inhaled pathogens by a variety of mechanisms,
as follows.*

2
2
: g
ia
g

Salt-defensin hypothesis. Some work suggests that the
human lung produces an endogenous antibiotic named
Duman fdefnsn (HED), w]u:h iy play a mportat
role in preventing pul s o o
S s pio e O e s b

tivated by increased sodium chloride concentr
allowlg oo o bt CF g e Frure

8.3).5

Inflammation first hypothesis. This proposes that airway
inflammation s the primary event i CE lungs, possibly
caused by abnormal cytokine production. Inflammatory
changes i the airways then lead to excessive and abnor-
mal mucts prodsction and colonisation with pathogens.

Celbaeceptor hypothesi. In_ norml huns, the CFTR
Found on epithela cells, alons with 3 range of cell
surface glycoproteins, binds many buctrial pathogeas,
foclucing P aéruginasé, 2 pat f he normal process for
Killng inhaled microorgansms. Abmormal pH. around
epithea cell o CF g it e i of
aeruginasa by C

Depleted airway surface liguid hypothesis. Despite the
lhered sodium and chloride transport in the CF lung
epicielilcell,the el o perciny oyr ofthe iy
b md AS] g 18)boberd e Erinl
ver, the volume of pericliary fluid is reduced and
e e ‘physical linkage becween the cilia and

et s B i e oy o

ance of airway secretions by physiotheraps, postural
drainage and exercise. The viscous mucous layer of ASL
resalts i part from degradiation of the numerous inflam-
matory celsfound in infected siays, and it is DNA

problems vich the emergence of bacterial re
patient hypersensitivity reactions, better strategies for
antibiotic use are believed to be the main reason fo
improved survival in CE/*

Lung transplantation is now a recognised treatment for
CF and is described in Chapter 33.

Gene therapy has held great poteatial for therapy ever
since the CF gene was identified, but unfortunately this
CFTR gene

an e produced, bt he problem arses i oo
o the sirway cells and stimulaing its
riro® Cone e

ing the gen:
S o fenctioning CFTR in

effective technique for incorporating the new gene into
the epithelial cell, may be associated with significant
infommatory sacions, which may be r.um harmful

A more promising approach i o
i e nks e Tocous which
bypasses immunological reactions and should provide a
permanent corsection of the defective gene. This has
been achieved in mice,” but studies of this type in
busiedsl urrenly prohibited by interations thial
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KEY POINTS
= The balance between osmotic and hycdrostatic
pressures normaly minimises uld ranser

etween the pumoary caplay and
Interstitia spa
8 Py o e increzses in

juncion e no simplypasiv srctuel s ad oy

for example i resporse to niteic ovide, be modified
and allow an increase in Al e tight
junction.

“The lung has a well-developed ymphatic system drain-
ing the interstitial tissue through a nework of channels
around the bronchi and pulmonary vessels tawards the

ofthe alveolar/capilary membrane cause flid
10 accumulate inthe intersitiom and alvecil
Pulmonary embolim, with eithr thrombus or
ir partaly occludes the pulmonary circulation,

slum, Lympl
lrsgin leebelo) sndaecommonl oo n s
‘bronchioles. Dawn to airway generation 11
{oce Tl 2.1, she b e 1 poental spoce
avund the s pastges nd sl sepraiog them

pulmonary arterial hypertension.
S e Sl

i the hilim of the lung, the
Iymphatic drainage passes t mug)\ several groups of tra-
chmbmnchml ]ymph s, her they feshe bl

preine ot v et d i e
pmdunlon and remodeling of the pulmanary
blood ves

PULMONARY OEDEMA

Pulmonsry cedema s defined a5 an increase in pul-
monsy exrassclt water vhich occurs vhen trars-
i o e e e
e e 1 15 o v R e

fluid in the alveoli.

Anatomical factors

The pulmonary capillry endothelial cells abut sgainst

one anathe a fily looe unctions which re of the

ordecof . (S0A) wide Thes juncions e
the

plsge afi e

ost of the
ik o e ok i tmlly s & e
ly ssmpled in animls.
into the right Iymphatic duct
ot o Py b i
astonishingly small  only about 10U However,
Iymphatic flow can increase up s chis value
T it oo e entes S =
increased”* This presumably occurs when pulmonary
ocdema is threatened but it cannot be conveniently
messured in man.

Pulmonary fluid dynamics™

ISt sl (i 1o epte she vl ¢ i
nust move from the

on ace (:cmss the
endothe ;...m] hem through the nceretitur and fally
from the interstital space into the ahveoll (scross the
cotbliun) (Fgure 201)

Fomph contin sl o sbou bl
s, el s e conmected by Gght e
tions at their alveolar surface with 2 gp of only sbout
Tam.! Under normal circumstances the tightness of
these junctions prevents the escape of large molecules,
such as albumin, from the incersicial fuid into the
alveoli, Hovwever, the proteins that make up the tight

»
by the hydrostatic pressure difference hetaween capilary
and interstitiom but counteracted by the osmotic pres-

babance of pressures is
tion but it may be upset i a wide variety of pathologi-
cal circumstances.




Z broteinosmatic pressure (k3 or cmH)

Lumen of aheolis
Przero

Aouteoraveolrlo

gl Microcculstion
It is customary to disply the relationship between
fluid flow and the balance of pressues in the form of the
Starling cquation. For the endothelial barrer this is as
follows:
©=KI(PeapPint) - XTlcap~Mint)]
O s the flow rate of transudsted fluid which, in
i, il be ol (0 the i

ainoge.

K s the hydraulic conductance (ic. flow rate of
fuid per unit pressure gradient scross the
endotheliom)

Peap is the hydrostatic pressure in the pulmonary
capillary:

Pint is the hydrostatic pressure in the interstitium.

5 cfficien, in this case applying

expression of the perme-

Tolbumin). A valu
reflection corresponding to zero
of the solute in the interstitial fluid. A value of

exert no osmotic pressure across the membrane.
m» el crysaalloids in

Tcap. 5 the esmotic presure the soute exerts within
pulimonary capillry

s the osmotic pressure the solute exerts i the

interstitium

Tint

Under normal circumstances in huumans, the pulmonary
Q) is about 10 mi per hour with 2 protein
i of plasma. The pulmonary
el e S MR 0-2kPa

Figure28.1 nd
e o emlcprees i e

oot e,
e et

vl to s venous nd,sine apeoximately ol he

capillary bed
(see Figures 7.2 and 29.1). In this context, it is mean-
ingless to think of a single value for the mean pulmonary
capllary pressure.

e hdeosti pressreinch ncrial sace (Fi)
of the hun s not easy to measure. Animal scudics using
i e

)

sl pressres such as might have been expected from
e effec of graviy but his ws observed when mezs-
urements were made with the chest and pleura inta

“The reflection coeficient for albumin (5) in the
healthy lung is about 0.5. The orerall osmotic pressure
sradient betwseen blood

where the hydrostatic pressure s highest, the safery
margin is slender.

Bl o e Its now accepted
hat the interstitium does not simply act as a passive
id transfer to the lymphatics.** ! Proteo-
elycan and hyaluron molecules are preseat in the pul-
monary st of sl nd ancin ke 1l o
sboorb water to minimise nreses in nerstil pre-
i attel o
el Ry el
‘properties of these molecules are believed to be respon-
sible for the establishment of a pressure gradicnt
hel\\zen the septal interstitium snd the juxtaseptal
gradicat

condutt for P

(015
S bt i he g B imrs s
vogressive decrease in capillry pressure from its arte-

may promote, and llo some contrlof i low from
the endoticlium to the lymphatics in the normal lung.




With increased fluid transfer scros the endothelium,

@ cmH0) * Evemally,th capaciy ofthe molecles to
absorb water is exceeded and the proteoglycan structure:
ks down, possibly leading to disturbances of nearby
collagen molecules and therefore basement membrane
producing alveolar oedema.’ Ahzmnnns o
incerstcial proteoglycan sruceure during
a4 he Erosne kel of ey oodir
under these circumstances (Chapter 31

function,

Fluid exchange across the alveolar epithelium. The per-
s and larger molecules is

ferable evidence of active fluid
clearance from the lveall in normal human Kungs >
For methodological rcasons, most studics of this systerm
b= el s i i ol b
same procsssare belevd o ocurn ype | clls and
in Clara cells in the «wn sirways, On the
St il el e e cabeace spithelil
o chasls (ENaG) el i B Kanmnr
brane conductance regulator (CFTR) channels (page
307 i el e o sk el e
cespectively into the cell.* On the intersital border of
the cels, chlorde moves pasively out ofthe cell and the
N im from

*ATPase channel activly removes sodi

the cell. Water from the alveolus follows these ion trans-
fers down sn oamotc gadien into the nertiam.
buman bl il cls
ated by
e e ey
adult lung remains unclear.
A smll amount of active clearance of fuid from the

Active removal of lveolar flid by alveolar epithelia cells
increases within | hour of the anset of oedema. !
lation of Br-adrenoceptors by catecholamines increas
the affinity of existing Na/K~ATPase channels. for

Stimu-

Pulmonary oedema

Stages of pulmonary oedema

There is presumably  prodromal swge in which pul-
monary ymphatic drainage i increased, but there i no
increase in extravascular water, This may progress o the
folloein stages.

Stage  mestitl puinonary osdeme. [n s midcs:
form, there s an crease in interstitial fuid but witho
g of odrna i o, he iveol, Wih he Highe
microscope dhis s first detected as culfs of distended
Iymphatis, typiclly S-shaped, around the adcent
Bl s iyt (hae
7521, Elecion misoncony shiows i acumditon
the slveolr septa but this s characterstcally confined
to the ‘serviee’ side of the pulmonary capillary which
contains the stroma, leaving the geometry of the ‘active
side unchaned (e pae 20 nd Fiur 2. Thus, s
exchange s beuter preserved
from
swelling i, however, not without risks and swelling on
the service side wil eventually cause narrowing of the
capillary Tumen, though this does not occur until pul-
monary oedema is very advanced.

Physical signs are generally minimal in stage I, except
perhaps for mild dyspnoca, porticularly with
The alveclar/arterial PO, gradient is normal or only
slightly increased. Diagnosis relies on the chest radio-
sraph, i which Kerley B lines may be visible, and on the
d ch 25 an increased

the overal incres

lemonsteation of causative factors su
pulmonary copillary wedge pressure.

Stage I1. Crescentic filling of the alveoll. With further
ress n exrvescln g o st ocdera
of the alveolar septa s increased and fluid begins o pass

o i«
infiion (e Figure 202

have been fixed

and gas exchange is not grossly sbnormal, but dysproes
at rest is likely and the characteristic butterfly shadow
may be visible on the chest radiograph.

S hesieaden
tal sivcolar fooding,

oo, ‘.;mm S P i ol

e ludstallnches umi.

G e
Some alveoli are totally

sodium and
the cell membrane from intracellular endosomal stores
Aftera few hous,  variety of hormones™ (e, thyroxine,
aldosterone, glucocorticoids) and. cytokines'” (e
factor) induce the transcription of new
Na/K-ATPase channels and incresse fluid clearance
Thesemechansmsarempartantboth forminmisg the
severity of pulmonary oedema and for claring ocdema
A v

It seems that flid sccumulates up to
S s e e e e,

g on an allornene

on ,,..lm‘...dq
Hlooding tends to occur in the dep
ungs, Reles can be heard during inspiration and the lung



stagel
nterstital sulmonary osdema

age il
Clescenic lingof heol

stage
Aveoir fooding

filds showw an overal opacity superimposed on the but-
terfly shadow:

i G S e e
sptbrescl s ek T ot

sides o thrugh these aveol constitates
e ds i e =eis sed
Siveolarfarieril PO gradient and. hypoxaems, which
s be life threatening. Blood flow to the oedematous.
slightl reduced by hypoxic pulmonary
pag 101),pssiby i conjuncion vih

PCO: i wsually normal o somewhat decreased.

Stage IV. Froth in the air passages. When alvcolar flood-

fng is extreme, the air passages become blocked with

froth, which maves to and fro with breathing, This cffec-

ol e e and is rapidly fatal unless
ated.

Aetiology of pulmonary cedema
On the basis of the Starling equation, it s possible to
‘make a rational approach to the aetiology of pulmonary

0

Figure 29.2 Schematic diagram of the stages i

microscopy. The active side of the apilry s 10
the rgh.See text for deails.

oedema. There are three groups of aetiological factors,
classifid sccording to their effect on factors in the Star
ling equstion.

Increased capillary pressure (haemodynamic pulmonary

hydrostatic pressure gradient across the pulmonary cap-
sy sl anl it exceds the camotc presee of the
mul

Bl the sl oF e el s sl

nd usrpor i the lymphatics. Fuid then b o

ol and williniially b acively remored by

th zl»mhr epithelial cells unil this system is also over-

“The oedema fluid hasa protein content which
e R

result in Toss of structural integrity (scc bel
Causes of 2n increase in pulmonary capillary

« Absolute hypervolaemia may result from overtransfi-

ssive and rapid administration of other blood

ilure.

* Relative pulmonary hypervol
redistrbution of the circulating bload volume into the
Tungs. Examples of how this may occur include use of



the Trendelenburg position or vasopressor druss thit
<ct on the systemic circulation to grester extent than
the pulmonary circulation and so redirect blood into

the pulmenary circulation.
* Raised pulmonary capillary pressure wil inevitably
result from an increase in pulmonary venous pres-
sure. 0 This may occur from any form of left heart

fillure, most. commnly left ventricular falure, or
mitel valse esions.

Increased pulmonary blood flow may raise the pul-
monay capllay presre sffcienly o precipste
pelmonary ocdema. This may result from a left-to-
it cardae shar, anaemis or, arel, 352 resul of

Increased permeabily of the alveolarfcapillary mem-
brane (permeabily oedema). This gzoup comprises the

oedems
hyposhesis by. dmommmgmm the ocdema fluid often
has 2 low protein content, suggesting a haemodynarmic
mechanism (see above).”

reemgsin Py e Sudden expansion of
collap result i pulmonary ocdems con-
e probably caused by increased
permeabiliy.* The problem may arise after as
s preumthoras o 4 el ffusion Lage preumo-

iration of

hemech- duration of colla
i i the low of megry of the alveolar/capillary - e ot S bl
brane, allowing alburmin an ciaced wi of pulmonary oedern:

o entr thesiveak, The omoti presre gradientwhich
opposes transudation is then lost. The ocdema fuid has 3
protein content zpprosching that of plasma.

The alveolar/capillary membrane can be damaged
either directly or indirectly by many agents, which are
reviewed in Chapter 31. Apart from the possibiity of
the condition progressing to acute lung injury, perme-
abilty pulmonary oecdem s ahways potentially very dn-
gerous. The presence of protein in the alveols tends to
make the cedema refractory and the procein may
become arganised into a so-called hyaline membrane

Stress falure’ of the pulmonary capillaics occurs
when the pulmorary capillary pressure is increased i
the range 3-S P (30-50 cnH.0). Discontinuies -
pear in the capilay endothelum and type
el el b et
ot M bt bl
ety and eskge ofprten o the ol The
5aps tend to occur in the cell body, rather than at the
umetions between the cells

Decreased osmorti pressure of the plasma proteins. T
Starlng equation indicates that the osmatic pressure
of the plasma proteins is a crucial factor opposing
transudtion. Although scldom the primary cause of

pulmomary Gedemt, & reduced plasra alurin concen-
Tt it S e seenly Al peatan e
st ey ec microvascular pressore
heesh b o ehich v dtion Cmeninces

Miscellaneous causes of pulmonary oedema
Pulmonary ocdema oceurring athigh ltitude s well doc-
wmented although the mechanism is still apen to spec-
ulation, It is considered in Chapter 17.

Principles of therapy

Immed
normal va

te treaument sims t0 restore the arterial PO, to

ues. The inspired oxyen concentration should
be incressed, up to 100% if necessary Stcing the pasient
upisa simple way to reduce central blood volume. Treat
ment. of the underlying cause of pulmonary oedema
follows dicectly from the Starlng equation and an under-
standing of the actiology.

Haemodynamic pulmonary oedema. Treatrers aims to
ekl ke Dl o el e

jology, treatme towards improvement of
Cho ke s ol ot oo
volume. The latter may be quickly and easily achicved

atis directed

on one hand and pulmonary oedema on the other.

Peneisaly tippsiny sudane sl be
directed towards restoration of the inteeity of the alve-
Sanicniany e Us o o petcaliny

=3



Figure telating cardiac
Ao bt

Haemosynaric
puimarst

curve. To the right are shown curves representing
entricular e, Top e i the

v prssening bt o crdoc o

= and ratsed e il pessure Thee s
mmwmmgm:pmm ocder
3 s o Aoy e oy
= b s
. e

; output low cardiax

X output

RS T ] E)

et venticiarend

successful measures are availsble towards chis end. It s,
i s 6 il e s o

ough this s not the primary cause of the oedema.
.\mmm ‘may be made to increase the plasma albumin
concentration f it s reduced

Artificial ventilation and positive end-expiratory pressure
(PEEP). Severe pulmonary oedema couses degrees of
hypoxia that may quickly be lethal. Trachesl intubation
and positive-pressure. venilation are therefore. com-
monly required s are often spectacular
Froth in the airways may be aspirated and any areas of

er improvements in arter
srcoel o et piamics drove the

oedema indicate that by increasing the lung volume, the

capacity of the interstitium to hold 1.qu.u e =

Similarly, with-haemodynamic pulmos

s, EEP does ot ahershetos ameunt. of g water

but 3 greste proportion s i the extraslveolar intersi-

dial space” and 1, mphatic drainage i increased.” With
eds

o presre 0]

filing heart (poge 436) and it is probably this effect,
rather than any cffect on the lungs, that causes the clin-
il benefit in humans.

ical measurement

Pulmonary vascular pressures. As an indication of
Ty o sl mmodymants pulsary deons
the most useful clinical measurement is the pulmonary
artery ocelusion pressure (page 105), which equates to

pulmonary venous pressure. Estimates of pulmonary
il s Rt oy e b e it

Svw-Gen ctbe * The decay curve seen on

occluding 2 pulmonary artery branch is biphasic (Figure

290, The s, rapid hase eflects the il m prcsire
phase represents the fall in pressure as the capilary com-

ent empties into the pulmonary veios across the
Posaply e i, the i pals of the
curve should equate to mean capillary pressure.

Permeabiliy of the alveolar/capillary membrane. Labora-
tory methods are available for animals but the only prac-
tical approach for clnical use is measurement of the rate

ventition has benefcial efecs an the function of the

392

Fa yremitti from the lung into
the circulation. The mst sensitive tracer is **Te-DTPA



Tme.
Figure 29.4 Estimation of puimonary capilary pressure using
the Sivan-Ganz catheter.The pulmonan arteral race has besn
slighty damped withai and the occlusion balloon i infated
during a prolonged expiration to preven pressure swings with
respiaton, The occhusion pressure decay curve s biphs
Puimonary caplly pressure PCP) i estmated as the point at
1 e siow component causes the decay curve to depar

anascomeses throughout the microcircultion. This tends

I to the impaction of a small
arge pulmonary embolus is 3
serious and potentialy Tethal condition.

Thromboembolism?2*

The commonest pulmonary embolus consists of de-
tached venous thrombost
in the thigh and the pelvic venous plexuse
thrombi are filtered in the hungs without cau
i o mav i i
il t 3 biuraion,ths fornin 3 sl cnbols

e may be a catastrophic increase in pulmor

e =it
amest,

articularly from veins
Smaller

i symp-

Diagnosis of pulmonary thromboembolus” Massive
pulmonary causes rapid cardiac arcest

shown,

(metastable technetium-99-labelled diethylene trismine
pentancetate, molecular weight 492 Da) = The half.time
of clearance from the lung fields is usually in the range
40-100 minutes in the healthy non-smoker. The half-
bl 40 minaesfllowing » Ziky of
However, e 10-40
Tt bty Wty sosoker ard s oo
its scope for the carly detection of a domaged alveo-
lar/capillacy membrane.

i within the

. Messucement of lung water in the ntact
e i i e e
Been devotedto the double indicator method. This uses
the techniques for the
centra Bload volame by dre dlution but with o -
catrs. O ncr i

culation while the
ater) iffses inko the fmersical floid

g i e deshmi o Slfto eec s
volumes as measured with These
methods arc limited because 2 high level of sccuracy is
required to demonstrate small changes i lung wates,

measurement of pulmonary or

the two indicators.

and s vl e e e ndagnsed excpe
at autopsy™ Sim all_pulmonary emboli-may
e compleel sopmoamalc bt G, precae moet
sgnifican, o lethal, embolism. For patients with inter-
mediste-sized emboli, a combination of pleuritic chest
pain, dysproca and tachypnoca is 3 highly sensitive
i o iy sotalog P Changes e el
trocardiogram following. pulmonary embolus  reflect
disturbed sight-sided cardia

elevated pulmonary arterial pressure
n i b et e
inverson in the anterior leads, do correlte with the
severity of the embolism
noss is palmanary anziography, though this s not feasi-
ble in many hospitals. More use

cadicisotope perfusion or ventilation/perfusion scans;

Similarly

vy To o map
res, ™ and this is o the investigation of
kg i o e o ol
Fipore 205

Pathophysiology”*** Three mechanisms give rise 1o the

ressonably conseniently

PULMONARY EMBOLISM

The pulmonary circulation may be occluded by e
bolism, which may be gas, thrombus, fat, tumour or
foreign body. The architecture of the microvascu
el e oo it e clf ceroF bl

umbers of pulmonary capillasies tend to arse at
right angles from metartesioles and there are abundant

seen in pulmonary embolism. First
is physical occlusion of the pulmonary vascular system.
Sccond, platelet activation within the thrombus leads to
release of S-hydrosytryptamine (SHT, serotonin) ond
thrombosane Ay causing furthe ncrese n pulmonaey
ool tsance. Pl tha g vecar commmanly
Ball r et et
esistance and candiae output flls, evencusly culminat-
ng in right heart failure 2

“The primary respiratory lesion s an increase in alveo.
lar dead space with an increased arterial/end-tidal




Pulmonary vascular disease.

Figure 295 Spal CTscan

‘white. Embollthen agpear

“uppling the scans)

Poos gradies. Cabon dioside climination & hercfor
reduced and if v un arterial
PoOs oty dimbsuot cimination s e spbe
of the large dead He o
hype
slmost always present and arterial PCO; is us
<he normal range  The cause of espisony simulstion
s uncea bt may ol scimulation of Irecep
in air embolism (see below) or hypoxia, if pres
Anterial PO, This fesalts. from
derangement of normal ventilstion/perfusion relation-
ships. Initall, although cardiac output remains normal,
al obstruction of the pulmonary circulation results

is also_decreased.

along pulmonary veins and from the bronchial circuls
tion. Only when these sours m)

ifarction accur, for example when localised pulmonary
oedema or pulmonary haemorrhage into the airvays
oceurs in conjunction with embolism.

so impaired dos

Principlesoftherepy.” Anicogasionvih nzavcos
£ tres nd prevents

e el

3

fbrinolysi to proceed. In more

and allows endogenous
Promies ooyt i o pilmoey
may be eguied. T the pust 1hmn\m¥m< e

dern

such s paients with cardiovasulr

i excessive blood flow o hat are still
ving a low ventilation/perfusio

cthe sbrorma ventation/ et
e 124) % Elevated right acrial
il el e
may case sighotoef inrscndie shuning chrough
i it s oY AgnaD)
chospasm s s well-recognised complication® and
has becn attributed to the SHT released from plstclets
‘ocapria in the part of the lung
pulmonary  circulation. Pulmonary
compliance may be reduced with large pulmona
emboli, but the mechanism of this change is unknow.
Pulmonszy infarction, which might be expected to occur
s rarely 3 problem. The lung can obtain axygen directly
from air within the airways and alveoli, from backllow

sion relationships (ps

and slso to local by
without effective

394

e

nt is mch improved and \u]nvul to be
in many hospitals. embolectomy i
oo reseoed or paints with m.m»n pulmonary
embolism who are unable 1o rec

other forms of treatment.

uilse

o arc unresponsive

Air embolism

An embolus may arise from preumothorax or pulmonary

barotraumma but is most commonly iatrogenic. In neuro-
surgery I cause of sir embolism i the use of the
Sitting postion for posterior fossa surgery. A subatmos-
pheric venous pressure at the operative site allows ai to
enter dural veins, which are held open by their structure.

In open cardic surgery, it is slmost impossibl
all traces of air from the cardiac chambers before closing
the heart. Some small degree of air embolism is almost
inevitable in sl types of intravenous therapy, but cata:




strophic air embolism can accur when compression bags
are used to accelerate the fow rate of ntrasenous fluids,
or blood bags that accidentally already contain air

Detection of air embolism. Early disgnosis of air
bt eeeia s ncammieers sod Vst i hree
principal methods in routine use. Bubbles in circulating
blood give a very characteristic sound with 2 precordia
Doppler probe. The method i, if anything, toa sensitve,
becanse o shower of very small bubbles produces a
iy e snal. The simplest method  bas
on the end-expired C which is casily
e B conmearanty Many T il s the
endexpimoy concentstion (e 137) but  sdden
decrease i likely 1o be cither cordisc zrrest or air
Sl e e
cient method of detecting air embolism’™ and, further-
more, it s the only practicable method of detecting
poradosical air embalism (see below).

Pathophysiology of air embolus. Provided there is no
major intracardiac rightt0-left shunt, small quantities of
ai are fltered out by the Tungs where they are graduslly
xcrted and o harm esls, Aol dead apce i
incressed acconding t the proporcion of the pul

f it embalism by capnography as described
sbove, Pulmoraryartecl presure 1 ncreased by a large
embolus duc to the enicle working oysinst

oo
aspiration of air throuigh a cardinc catheter, which is dif-
ficult. In lesser degrees of embalisation during surgery,
reduced cardiac outpus probably also contributes to the
sudden reduction in end-expiratory PCO,

paradxical air embolism. Rarely, there may be passsze
of sir emboli from the right to the Ief heart without
ght-to-eft shunt. This is impor-
erteral circu.
lation where there muy be embolism and infarction,
particulaly of the brain It s possble to pass a probe
through such a forsmen ovale in over 25% of the adult
populition (page 201), but paradoical embolism does
ot usually occur because pr
the left atrum than the right. However,under many cir-
comstances, such as following pulmonary embolism,

ressure is slghly higher in

sight aurial pressure may be clevated to the poiat where
a right-to-left shunt occurs.

The role of paradosical embolism in nerologicl
damage in divers s described on page 273

Fat embolism*

Eracture of long bones or major orthopaedic surgery may
be associated with fat. embolism. " This term is not

drome’ resuit from
Some degree of fat embolism occurs in almost sl
patients having hip and knee replacement surgery, but
linical sequelie oceur in les than 1% of these
Microcoge litomiedan bore i fagn

e ekanere b
el e che concitions T venous e
present during surg 50 develop into lasger ‘mixed
ool Thise s fally  arsease 1. physlologsal
dead space but this is soon accompanied by an increase
in shunt. Release of inflarmatory medistors in the lur
causes bronchospasm, increases capillary permeability
leading to localised pulmanary ocdema, and may open
anastomotic channels between.pulmorary anery and

T e e irliven
Surface

i i clinee ot ol

il
Amniotic fluid embolism®**

Amniotic fluid embolism oceurs rarely during delivery,
but is fatal in over half of cases. Death normaly results

pulmonary circulation
and focal ol i he crlio may
vescular changes, and cither an immune-mediaed
esponse o the release of vasoactive mediators such 35
endothelin (page 99) has been suggested as the mechs-
nism causing the cliical syndrome.

PULMONARY HYPERTENSION

There are many causes of pulmonary hyperte
which are clssifid as cither primary or secondry (Table




Primary pulmonary  COPD Leftheartfailure  Sieep apnoea
nsion  Emphysema  Valvular disease  Lupus.
Hepatopulmonary  Pulmonary  Congental disease  Scleroderma.
syndrome fbross Bheumatoid arthriis
Cystc brosis IV nfection
Chronic Vasculltis
embolism

29.1). The latter is much more common and i therefore
considered firs

Secondary pulmonary hypertension®

Respiratory disease. Pulmonary vascular resistance is

Seep omoes (see Chapter 16). The change s inially

temporary and reversible but progresses to become per-
manent. Nitric oxide (NO) production by pulmonary
endothelum contributes o the norml low resstance o
izhibiss
 and

work b detifed rduced preduction of o i
nitric oxide synthase as the mechs

Cardiac disease. Valvular disease of the Ieft heart leads
o n leaionof presur in the et s and -
monary veins. Increases in pulmonary ressure
ol it b Vo s A o
cling of the pulmonary circulation. Smooth muscle
bypercophy and fbrosis of the pulmonan scubure
case pulmonary el bypeinon nd, v

right heart failure (cor py 40 A Tow ca
S oGl o el lar i it
she reling ight e s, ety n rdoction of
mixed ven - causes forther increases
B i it e

§~

Treatment should firs be directed towards improving
the underlying condition, particularly if this is causing
chronic or intermittent hypoia. The long-term admin-
istration of oxyzen to such patients, during the day and.
sleep, retards the development of pulmonary

during
b

Primary pulmonary hypertension®®*
o

ey ypeessn Seri i fhe st

bypoxia is termed primary pulmonary hypertensi
PEED) o e prelenes of ppresinately 1500 pet
million. It s a progressive disease, which normally pres-
ents in carly adulthood vith worsening shortness of
breath and eventuall right heart failure. There is a famil-
ial contribution to PPH and it may rarely be associsted
with advanced liver discase or the use of some older
appetite-suppressant drug is is poor, with most
patients dying within a few years of diagnosis.

Pathophysiology. The discase is characterised by prolif-
eration of cndothekial cells, hypertrophy of pulmonary
arterial smooth muscle, and by thrombosis within
pulmonary vessels." Abnormal endothelial function is
believed to be where the primary defect occurs and

and smooth muscle cell, though this has yet o be fully
characserised *

Treatment=* The only twuly specific pulmonary
sasodilator drugs are acetylcholine (infused into the pul-
h

s by e
been sl to weat PPH. Recent pakcntil
avldrog herapis for PPEL have focused on endotheln
receptor antagonists (page 104).

PH remains a common indication for kng transplan-
cation (see Chapter 33).

REFERENCES

and improves survival.** Vasodilator therapy is compli-
coted by the Tack of drugs with specific action on €
pulmonary circulation and isdiscused below.

D 0 Ultrastructural features of alkeolsr
il ror A Re Repi D 1985127
)




Chapter

KEY POINTS
. Lung collapse occurs either from compression of

Loss of forces opposing retraction of the lung

The lungs are normally prevented from collzpse by the

units with occluded, of severely namowed,
airwe

o the diaphsagm. The plural caiy rormally conans
0 gas but if a sl bubble of gas is introduc -
sureis b eah) Pulmon:n ot

varying from purely inflammatory conditions

(et to conditonsinlvig progressve
with minimallung inflammation.

= Ling ross assfom an mbalance between

lapse due to lass of forces opposing lung retraction may
B o bisdedeb e eings s o

tary reduction of lung volume. It seems unlikely
e valnmnn ot o g volume below closing

inflammation and tssu repair

PULMONARY COLLAPSE

Pulmonary collapse may be defined a5 an acquired state
in which the fungs o part of the lungs become ailes,
hthe

sse overt collapse of lung in a subject
breating air. Howere, In older sublect, there s an
ot e shetafacesl FOg radent, ggesing
teapping of alvcolar gas (see 15,'11 © 22.11). lf the subject
has been breathing 100% oxysen, absorption collapse
ey Tl e o g oo (e bk

s exterol pressr. Vo flre & e
ore. prominent aspect of in exernal environmental
et mexcess ofshow 6 P (G0 <miL0) iich =
o the airways (pase 368). However,

[

of a newborn have never been expanded, i

is widely used 25 a synonym for pulmonary collapse
Collapse may be caused by two different mechanisms.

“The st of these i loss ofthe forces opposing the elstic

recol ofthe hng, which then decreases

eays are closed and gas is trpped

sinways at normal ung valume, which may be due
ifferent causes. Thisoso results i trapping of 25
ehind the obstructed sirvay. Whatever the couse o the

26.2). This generates a subatmospheric press
el ey g hold the
lung

Peimonary collipse during amasthesi s descrbed in
Chapter 2.

F b e ey
dhisisa normal conssquence of the rst depbs attained.
by diving mammals while bresth holding.
ey noml g voume s maintuined duing

approni-

ot oceur with surface diving or snorkelling
(paze 268)

Loss of integriy of the ribcage. Multple rib fractures o
the old operation of tharacoplasty may impair the clastic
secol of the ribcage to the point at which potial lung

However, extensive
interference with the mechanics of breathing, which is
ly more serious than collapse (page 368).




oo i

Intrusion of abdominal contents into the chest. Extensive
atelectasis results from a congenital defect of the
diapheagm. Abdominal contents may completels fill onc-
Falf of the ches, it total atlectss of that ung. n
adult, similar changes may occur with 2 large hiatus
hernia. Paralysis of one side of the diaphragm causes the
diaphragm o lie higher in the chest, with @ tendency to
basal collpse on that side. An extensive abdominal mass
(cg. temour or ascites) may force the diaphragm into
the chest

Space occupation of the pleural cavity. Air introduced
pleral cavity reduces the forces opposi

prcmothorsx s s

volume of s introduced. The intrapleural pressure ises
in proportion to the volume of air in the cavity and
in a tension pacumothorax is above atmospheric. The
affected lung is then totally collapsed 3nd the medi-
astinum s displaced towards the opposite side. This is 2
life-threatening condition requiring immediate relief of

pressure. An o pneumulhnra‘( communicates
with the atmosphere and results in pendulum breathing
o addion o collspe: The pleueal caviy may 2 be
occupied by an effusion, empyema or haemothorax, all
of which may result in collapse.

Absorption of trapped gas
Absorption of alveolar gas trapped beyond obstructed
airways may be the consequence of reduction in lung
slume by the ke decab o M
c is total

irway um volume.
truction is commonly due to secretions, pus, blood
bronchaspasm

PO, gradient will be of the order of $0% of an atmos-
phere. Absorption collapse vill thus be rapid and there
rogen in the alveolar gas to maintain
infltion. This has important implications during anacs-
thesia, when 100% oxygen is commonly administered
(page 305
“The situstion is much more favourable in o patient
who has ben breathing air, a5 mast of the alveolar gas
i then o, whic s s aly abous .5 o
(4 mmHg) below that o mised venous blood. Alveolar
beok b o oo ol v o
35 oxygen is absorbed and eventusly the itrosen wil be
it Gl i cominly soom e
ocess is much slower than n the patient who has been
hmmng e, Fire 301 shows 3 computr s
of the

expected to be absorbed almost as rapidly as 100%
oxyen. Th Is parly becaue ntrus oxide s much
more soluble in blood than itrogen and pa

sl el e ey
colar tension, except after a long,

When the inspired gas composicion is changed after
obstruction and trapping occur, complex patterns of
absorpt The inhalstion of nitrous oxide,
after sirway occlusion has occurred while breathing air,
sl in emporary expinsion f the rpped vhune
(sec Figure 30.1). This is ceused by large volumes of
the more sl ious oxide passig fom blood to
shesk b echorg o sl b of
Wl ble nitrogen passing in the reverse directi

and the middle car with 2 blocked pl\xrmghnmp:mc
(Eustachin) the. I s pontily dangerous and may
an ansestheric.

i the point of sirway closure is
absorbed by the pulmonary blaod flow: The total of the
partial pressures of the gases in mixed venous blood is
alwa)'s less chan atmospheric (see Table 26.2), although
ot For s okl componnt s
Vet aheibeloas asdbmiadireesow bl e L
quite different.

The effect of respired gases. If the patient has been
breathing 100% oxygen prior to obstruction, the alveoli
will cantain only oxygen, carbon dioxide and water
vapour. Because the last two together normally amount
toless than 13.3 kPa (100 mmHg), the alvcolar PO, will
usually be in excess of 88 kPa (660 mmHe). Howeer,
the PO; of the mixed venous blood s unlikely to exceed
about 6.7 kPa (50 mmHg), so the alveolar/mixed venous

400

Magnitude of the pressure gradients. It needs to be
stressed that the forces generated by the absorption of
trapped gases sre very large. The total parial pressure
of gases in mixed venous blood is normally 87.3kPa
(655 mmi). The corresponding pressure of the alveo-
lar gases is 95.1 kPa (713 mmHg), allowing for water
wapour pressure at 37°C. The difference, 7.8 kPa
(58 mmg or 78 cmH:0), is suficient to overcome any

diaphragm up into the chest, reducing ribcage volume or
displacing the medisstinum. [f the patient has been
breatking oxygen, the toral partial pressure of gises in
is barcly a tent

2) and absorption of trapped alveo-
lar gas generates enormons forces.

th of sn atmos-
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Effect of reduced ventilation/perfusion ratio. Absorpion
collapse may still occur in the sbsence of total girway
abstruction provided that the ventlation/perfusion
(V/Q) raio is suffciently reduced. Older subjects, a5
well 2 those wich 3 pathological increase i scatte of

7/ ratios, may have substantial perfusion of areas of
Tung with V/ratios in the range 0,01-0.1. This shows
a5 a characterstc ‘shelf* in the plot of perfusion against

V/Q (Figure 30.2). These grossly hypoventilated areas
re Tiable t0

went bresthes orygen

differences in inspired oxygen concentration in the range

been observed that, in the presence of collapse, the
i e R
proportional to the cardiac output (page 124), and this

been arsributed 1o the effect of cardisc output on

counteract each other, so the arterial PO i litle changed.
(page 124).

Diagnosis of pulmonary collapse
The disgnosis may b . phyil sins of
b e bloyingitie il
oo lace s ey Pl o
catian i seen, along with indirect signs of thoracic

volume

o may reant
collapse occurs or not. There is no difficuly in demon-
strating that pulmonary collapse may be induced in
healthy middle-sged subiects breathing oxygen close to
residual volume

c very impor

Perfusion through the collapsed lung”
Pession through colpd hng e i ane of che
most important causes of intrapulmonary shunting. AU
% e e en pesfanon o ey
through the collapsed area and this s regulated mainly
by hypoxic pulmonary vasoconstriction. In the sbsence
of alvcolar g2, the PO that governs pulmonary vascular
esotance & the mised venous POs (e 101). It fas

raised. disphrogms and. displaced hilr or medastinal
sructures In the u

pright position, collapse is com-

propric
e sty soetonth OF (e Hgae

2.10).

Collapse results in 3 reduction in pulmonary compi-
ance, but the value of this in diagnosis is limited by the
wide scatter of normal values. A sudden reduction in
compliance may give an indication of collapse provided,
of course, that control measurements were availible
before collapse.

Collapse also reduces the functional residual capacity
and arterial PO,. However, in a patient with impaired
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Figure 302 Inspration of

%
Breathing

develops. (b) ‘shelf

shunt of 107%.(c)

(Reproduced with permisson from Wagne PD, Laravuso B8, Uhl
1000, inines

5 e . Contous dibutionsof vt e

pi

oxygenation a reduction in arterial PO, cannot distin-

Voluntary maximal inspirations are effective in clear-

monry collapse, consolidation and oedema,
Principles of therapy

Therapy depends on the physiological abrormality.
Factors opposing the elastic recoil of the lung should be

prevention ischest physiotherapy, combined when
necessary with tracheabronchial toilet through either
b

with lobar atelectasis.

‘permit reexpansion, particularly

ing areas of
breathing oxygen near residual volume. This manoeuvre
is the basis of the ‘incentive spirometer’, which s used
o prevent postoperative lung collapse.

With artificial ventilation 2 logical approach is hyper-
inflation of the chest or an artificil sigh’. Some ventila-
tors were designed ta provide an intermittent 'sigh’ but
idence of it efcacy s ever found. Curent e
gies to prevent pulmonary collapse during artificial ven-
Sinion e deserbed in Chapter 32

PULMONARY CONSOLIDATION (PNEUMONIA)
Inflammation of areas of lung parenchyma, usually due
to infection, can lead to the accumulation of exudate
within the alveali and small aineays, causing consolida-
. Aress of consolidation may be patchy, referred to

sopneumonia, or confined o discrete areas of
the lung, forming lobar prcumonia. Pulmonary collapsc
frequently occurs in conjunction with preumonia s 3
cosult of airvay narrowing in surrounding lung areas.

2 E



Clinical features of pyrexia, cough, sputuri production
and dyspnoen occur with sgns of consolidtion such s

porenchymal inflammation macrophages have an impor-
tant control function instead of the cosinophils and mast
cells involved in

bronchisl breathing, ch
B e
preumonis. Diagnosis again relies on chest radiographs,
where consaldation appears s pulmonary shadowiag,
R B s g
esolution of the infection, cough becom

e and.the lang rerns v ol il . few
weeks.

Effects on gas exchange." Patients with pneumonia are
commeol hypos: Conolidted e o g befarein

Neutraphil margination has been extensvely studid
in the systemic crclation. S

a similar fashion t collapse, formis
e g bt venos lood Aops. T e
tion, there is an increase in areas with low V/Q ratios
(<0.1), but the contribution of these areas to impaired.
oxygenation is o be small b of hypos
pulmonary vasoconstriction. Administration of oxyzen to
ettt presmona cams it T
scaier of V/Q atios, implin o recuction in yporic
hel

T !

B e
B A com 5 codbibelial Llls et predomr
nantly in the pulmonsry ca her than in venules
25 in the systemic circulation. Adhesion to the capillary
vall cin occur by eiher o CDII/CDISdependent
mechanism or by another

ety shien sl nermally

that seems to be

=
el o m In compari-
san with collapsed Tung, consolidation is commonly asso-
ciated with a worse pulmonary shunt and therefore more
severe hypovia, Many of the inflammatory mediators
released as part of the response to infection act as local
pulmonary vasodilators, in effect overriding hypoxic pul-
monary vasoconsiriction.”

Pathophysiology
Airway inflammation was described in detail in Chapter
28. Invasion of the lower respiratory tract with viruses
‘and bacteria leads to further inflammatory changes char-
acterised by migration of neutrophils from the

ganisms, inflammatory cells (dead and alive),
immunoglobulins and other immune mediators, fluid
transudate from increased capillry. permeability, and
products resulting from destruction of lung tissue a5
cesult of proteolytic enryme releasc.

Margination of neutrophi

Before a neutrophil can con-
K to

y to contribute to pathogen removal (sec
Figure 31.3). These activities are controlled by an exten
sive and incomple

28.1). Lymphocytes again play an important role, but in

required for in a systermic vessel.* Selectin-
induced roling of ncutrophils may not occur. Adkesion
is facitated by 4 slow transt time for neutrophils
across pulmonary capillries, Human neutrophis are of
similar size to red blood cells but are much less
deformable, s0 neutrophils take up o 120 seconds 1o

neutrophils, in particular a stiffening of the cell that will
further impede its movement through the pulmonary
capillary*

Once adhered 1o the pulmonary capillary wall, neu-
trophils may become lattened, leaving some capillary
lood flow. In this position, emigra-

possibly guided by fibroblasts in the interstital space
(Figure 30.3).7

INTERSTITIAL LUNG DISEASE AND
PULMONARY FIBROSIS

Difus pulmoaryinfrmatonoccrs i whd ity
are summarised i

Tible 30.1

mﬂ:uvummn varying degrees of pulmonary fibrosis
develop.

Clinical features vary according o the aetiology. Paeu-
monitis slone (Le. without fibro

‘matic at firs, progressing 1

in severe cases giving rise to systemic symptoms suc




Parenchymallung disease.

Figure 30.3 Neutrophil emigration i rabbit lung cring
sreptacoccal pneumnia. Ths electron micrograph shows that
the neutrophis (), which are normally the same diameter 352
pulmonary capilary,are siongated, soleaving the capilary
Tumen (L) party patent.These neutrophis have alreacy
emigrated from the capillry lumen across the endothelium

bleomycin but for many drugs the mechanism is

known,

Inorganc dusts® Occupationsl exposure 1o asbestos
s (asbestoss)or silica (slcoss) for many years leads
o pulmonary fbrosis. Iahaled dust particles between 1

i dimeter reach the alvecli and are ingested
by macrophages * Different dust types have variable
persistence in the lung, some being rapidly cleared and
Gthers persisting within the prlmonary macrophage for
many years.In additon, the total (fetime) fbre burden
ol conelakes i the degre of reulsin fvoss

Organic dusts may cause lung inflammation by @
immune mechanism, a condition referred to as extrinsic
allergic alveolitis. The allergen is normally derived from
a fungus to which the patient has occupational exposure,
giving rise Lo 3 host of disease names, such 35 farmer’s
lung, mal worker's lurg etc. Bird

i that it i precipitated by exposure to IgA derived from
In cxtrinsic allergic alveolits, o
moniti sesuls from. acivation of Tlymphocytes and
mediated inflammation
ind avoidance measures are taken, allere
solves complesely, but with continued exposure fibrosis
develops.

domestic bisds

that lead to fibrosis are numerous and

small hole in the capillry basement membrane (artows). The
pseudopod of the neutrophil s n ot
the basement membrane. AL,

aiveolar lumen. (Figure kindly

the mechanisms obscure. Many of the discases associ-
ated with lung fibrosis have an immurological basis. For
example, sarcoidosis results from Tlymphocyte activa-
o n esponse 1o wnknown smulus, whereas many

walker,
from Walker OC. Behzad AR, Ch . Neutrophi migration

connective. knawn to have an autoim-

apes o it dtog sptoccalpreumor
vasc s 1995; 50

fever. When accompanicd by fibrosis, dyspnoea becomes

munc sctiology i s R
likely e pul

el bl Recieitlomig i
Some drugs used for treating systemic diseases may also
contribute to the pulmonary complications seen

»
ination. Lung function tests show 3 typical ‘restrctive’
m d vital

‘ground glass” appearances, which correlate with pneu-
monitis, or “honeycombing’, which represents more

advanced fibrosis.

Causes of pulmonary fibrosis

These have been summarised in Table 30.1

Drug-induced fibrosis may follovw lung injury induced by
oxygen toxicity (page 354) precipitated by, for example,

404

i i seen following radiotherapy
for tumaurs in or near the chest. Radiation.

develops over seeral weeks following radiotherapy,
whereas fibrosis may tzke up to 2 years to develop. Cel

pneumonitis

damage o type 1l p
Jial cells, which resuls in site
stitial pulmonary ocdema (page 391), respectively
cascade of inflammatory cell activation will then follo

Idiopathic pulmonary fibrosis (IPF)* synonymous with
crypogenic fbrosing alveolitis (CTA), includes all cases
of pulmonary fibrosis in which ro cause can be found. It
is the most comman type of pulmonary fibrosis, occurs



Causes

Bleomycin, busulphan.

Oruginduced _ Antcancer
cyclophosphamide.
methot
Antibioris: soniazd, nrofurantoin,
ipronamides
Others Amiodar
Dust norgaric Sicosis
Asbestosis
Organic Farmers lung
nfections Viral Vial preumonia
Other HY
Hycoplasma
Opportunistic infections
Systemic  Connective tisue Rheumatoid arthits, sclerod
discase aisense systemic upus erythematosus,
s spondyi
thers Sarcoidosis, histocytoss, waemia
Wiscelaneous inflmmati Aaute fung

e ation

Inhalation injury.

Radiation lung damage.

Cryptogenic ibrosing
s

jury
‘Smoke, cadmium,sulphur dioxide

more commonly in males and is of uncertain sctiology
Patients with CFA have extensive gctivation of pul-
ary inflammatory cells snd as described
below:. There s also accumulation of nentrophils and
el il ey G oo 359
e Wi e e el pogane
a median survival from disgnosis of just @ few

Cellular mechanisms of pulmonary fbrosis™*
o
well 3 in Chapters 28 and 31. Progression to pulmonary
Bl . mcatoble bt prelisiog whih paiems

Mle gender
worse prognoss from palmnary fbrosi, s do increased
nurbers of inflammatory celsin bronchoalveolar lvage
>

progaostic tet remains a disant prospect.
i the body is naturally suc-

ceded by a cellular healing process tht involves the

laying down of ner collagen, The lung is no

and pulmonary fibrosis s o reslt of excessive deposition

of collagen in the hung extracellular matrix.

In pulmonary fibrosis the initial disease process is
diverse. ()ee Toble 30.1) and may couse changes in
type [ or type I alveolar epithelial cells, pulmonary
hihsn, pacihis = Thmrbomied T
tions between these cell produce mumerous cytokines,

and probbly scts as the final common pathuway for most
mechanisms leading to fibross.” Myofibroblasts are the
cells responsible for repairing the extracellular mateix in
hung tissue, this mate forming the scafflding on which
news lung tissue is formed. Once myofibroblasts have
completed their task, they too underzo apaptosis.

In most causes of pulmonary fbrosis this well
controled sequence of events s abrorrmal. The actvity
of acutc inflammstory cells may not subside once the

ation of

T defocie, A o iion o nbrited iffgenies i

PR e
wide range of environmental stimuli described above is



believed o result in pulmonary fibrosis. The intriguing
sl of bnormalapoptos o langcells s beco
sugsested to explain vy fbrosis Type | alveo-
lar ep\ﬂvxh'\\ el e g premature spoptoss and
50 pro inflammatory stimulus by continued
r\,-mme e iy i
repait is complete, myofibroblasts may fail to respond to
normal spoptotic stmul 3ad continue o remodel the
extracellular

In a similar fashion to emphysema (page 380),
sive myofibroblast activty leads to  reduction in the
amount of lastin present. Synthesis of elastin in normal
ung is minimal in udulu ‘and though there is some evi-
dence of increased production in pulmorary fibrosis, the
e s formed a sbnormal and probably non-
Functional.” Loss of clasticty by this mechanism causes
collapse of both alveolar and smallairway wals, leading
%0 0 roduction in compliance and the area availble for
s exchange

plmon

Principles of therapy™

Where feasible, removal of the stimulant for lung inflam-
mation or fibrosis is vital. Although this may rot halt the
dia-

o o R 3 Focamental taflormatory
eytokin
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Chapter

3 1 Acute lung injury

i o ol oy S e
both

tures of acute lung injury vary
dyspnoea to rapidly
progressive and fatal respiratory falure.

levels of positive end-expiratory pressure may
e benefic

Acute lung injury has features in common with several

sonary diseases described in the preceding
four chapters, but is considered separately here. The
topic has becn reviewed often in recent years ™

of the pulm:

Terminology. Acute lung injury (ALI) describes a char-
chymal g
# severity, from short-ived dyspaoca
o a rapidly terminal failure of the espiratory system,
when the term acute respiratory distress syndrome
(ARDS) is normally used. The st
described in 1967 when Ashbaugh et al.* reported = con-
dition in adults that seemed similar to the respiratory
disress srome in nans. Laterthe same goup it
duced the term “adult respiratory distress syndrome’
o of the subjects reported in ed only 11
ars, and in recogrition of the fact that respiratory
iaress yndrome is known to occ in chldren, the
current recommended term is acue respiratory distress
syndrome? There are a geeat many other synonyms for
ARDS, inchuding acute respiratory falure, shock lung
spirator lung, pump lung and Da Nang lung

case and repre-

syndrome was fir
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CLINICAL ASPECTS OF ALI AND ARDS
Defini

There is no single dizgaostic test and confusion_has
arsen n the past from differing diggnostic criteria. This
has complicated comparisons of incidence, mortality
scilogy and officy of therapy i ifrent cen
address. this problem, European-American
conferences prodaced the Tollowing widely accepeed
defnitions "

Actte hung injury disgnosis requires the presence of
four criteria,

Actite onset of impaired oxygenation.

. Sevrs hyporaemia defined <1 Py 0 Fl, o of
<40 (P, in kPa) or 5300 (Pao, in mmHg).
e s o e gt el
Pulmonary artery wedge pressure of <18 mmHg to

exclude cardiogenic causes of pulmonary oedema.

Acute respiratory distress syndrome is defined in almost
identical terms except that the impairment of gas
exchange i worse, with 8 Pao, to Flo, ratio of $26.7 kPa
or €200 mmH

These definitions are now widely accepted and have.
been extremely helpful in researching AL, particularly
epidemiological studics. However, there

cutside sbe srit debition, Alse, many carlie defini-
tions suggest that ane or more of the known predispos-
ing conditions should have been present and that the
clinical course has followed the recogpised pattern (see
below). Finally, i is noted that the histology is usually
diagrostic but it is seldom indicated or adsisable to':
2 lung biopsy: e laboratory test to
confirm the dagnoss (see below).
In part, the dingnosis of ALI depends on the exclusion
of other conditions. Sometimes it is o casy 10 separate
rom other dliseases such a5 pulmonary embulus, pul-
monary oedema, fbrosing alveolits or diffuse poeumo-
nia, which may pre

There is no rlia

ent with many similar features.




Chest X ray appearance Noalveolar consolidation o
ol consldaion onned 1
01 quat
Alveolar. mnwwml\on confined
t024: 2
o ol conoad
to3 quadrants 3
Aveolar consolidation in all 4 .
quadrants
Hypoxaemia score Pag, o, P inkee: pas, inmmbg:
240 2300 o
225200 1
175228 2
100174 3
<100 7
Positive end-expiratory. kP o
pressure (wher <05 =5 il
ventlated) 06-08 68 1
0311 o1 2
1214 1214 3
15 215 a
Respiratory system e o
‘compiiance (when 208 o
available) 06-079 e 1
04-059 4059 2
02-039 239 3
<019 E) 4
Pao,:Fio,

foreachofhe compshent ichar ke e ssessment.

No lung injury
@1-25 i vomodome ALl
525 Severe ALIARDS)

Scoring systems
Various attempts have been made to derive a single
aumerical value to assess the severity of ALL APACH

I (Acute Physiology And Chronic Health Exaluation)

s the scquel to @ very large range of predisposing con-
ditions (Table 31.2). There are, however, very important
iffrences in the progression of ALI and s response 10
secsment, depending o the undsclyincassesnd -
ciated pathology:* Nevertheless, recognition of the pre-

is widely used.” Murray et al." proposed an expan .
ko ! s oo condnions s uclaly imporsrt fo eedeig
three-part. definition. comprising disincton BAwecn i ptientsar a¢risk and the establishmentof arly

acute and chronic phases, identiication of actiological
and ssoisted condiions and » numerical lung
score, detsils of which are shown in Table 3

Predisposing conditions and risk factors for ALI

diagrosis.
Not al the conditions iste in Tible
el o proceed i ALL S hov S
i sepsissyndsome (sce below) asthe condition mest
ikely o result inthe development of ARDS, with sbout

Although the clinics] and histopathological pictures of 0% of patients being affected ! Patients who hare aspi-
ALl are remarkably consistent, they have been described  rated gastric. contents, received multiple emergency



Diect lung injury.

ol

Common

Incidence and mortality™™”
Inhepst che kol cepted defnitonsof gy
led o rying cstimates of the incidences of ALI
L RRD: T ek aced hcin e P
study of 1972 estimated the incidence in the USA to be

per_year per 100000 populacion.’* Several
studics in dfferent zegions of the world subsequerntly

lover incid

Preumonia Sepsis
Aspiration of gastric  Severe non thoracic
contents trauma
Less common. blood products
Lung contusion
Less common
Acute panc

(Ardmwlmm:xy bypass

Drug overdose

transplentation Disseminated intravascular
coagulation

transfusions or incurred pulmonary contusions have 3
17

patients with a sing
this rises to 420 with two fact
Age and sex do not affect the likelihood of developing
ARDS,

Sepsis syndrome is defined 1s a systemic response to
proven or presumed infection, with hyper- (or hypo-)
thermia, tachycardia, tachyprioea and one or more organs

the pulmonary manifestation of the multiorgan dysfunc-
tion syndrome (MODS) that is a feature of this condi-

ind ARDS i frequendy assaciated with circulatory

present and has litle effect on outcome.

Pulmonary and extrapulmonary ARDS. Gatsinoni et al
have proposed that patients with ARDS should be con.
sidered a5 two separate groups. Pulmanary ARDS resuls
from clin

whereas extrapulm
{njoy. sce Tobie 31.2), These tro subgroups of ARDS

mechanisms, appearances on chest sadiographs and CT
scans, abormalitis of respiratory. mechanics and
response to venilatory strategics
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biined s wid, vy o 15 0 580 s

r per 100,000 population. The reasons for this
variation in estimates of the incidence of ALI remain
wnkoown?

There is, however, considersble agreement that the
averll moralty of ARDS i of the ordes of S0% wht-
cver the criteri for diagnosis.* Two scudis have indi-
cated improvements in survval in comparison vith
Nisterical conrale, e inthe USA' and ne nthe UK.®
However, 4 ecent review of over 20 swdies of mortl-
ity Tom ARDS performed snce 1995 docs ot demon-
srate any consistent decline in mortality:

Clinical course

Four phases may be recognised in the development of
severe ALL In the first the patient is dyspnocic and
tachypnoeic but there are o other abnormalities. The
chest radiogeaph is normal at this stage, which lasts for
about 24 hours. In the next phase there is hypoxacia
but the arterial PCO; remaias normal or subnormal
There are minor sbaormalities of the chest radiograph.
This phase may last for 24-48 hours. Diagnosis is easily
s very dependent

edisposing conditions.

It i only in phase three that the diagnostic criteria of
ALI become establis re is severe arcerisl hypox-
aemia due to an increased alveolar/arterial PO, gradient
and the arterial PO, may be slightly clevated. The lungs
become stff and the chest radiograph shows the char-
acteristic bilateral diffuse inflzates. Artfcial ventilation
s usually instituted at chis stage

The fourth phase is often terminal and comprises
massive bilateral consolidation with unremitting hypor:
Semin, the areral PO charactristicaly being less than
7 kPs (2.5 mmHg) when the inspired oxygen concen-
. Dead space is substantially incressed
tod che arie e e ey ik ey ke n the
normal range by the use of a large minute volun

L S
the condition may resolve at any stage. It is diffcult to
predict whether the condition will progress and there is
currently no usefulaborstory test,though measurement
of ytoline levls hssome potenial i i e Serl
observations of the chest radiograph, the alveolar/arte-
TP ikt o s oo

tration is 100%




ongans. prosr
in falure, the worse the outlook

Pathophysiology

xygen consumption by the fung. Measurement of pul-

pse
incresse in palmonary oxygen consumption does not

seem to correlate with various markers of pulmonary
inllammation 3¢ the time the measurement is made.”

that increasing

roduce a normal arterial PO, (see the iso-shunt chat
Figure 8.11). CT scans of patents with ALI sl demon:
e sbsantl aras of i overditension. Thes
areas contribute to the increased dead space, which msy
et T o IR e s s e
in minute volume to attempt to preserve a normal arte-
il PCO:. Both shunt and dead space correlate strongly
with the noninflsted lung tissue seen with CT fsee
Figure 311

Lng mechancs. n sablished ARDS, g complisnce
s greatly reduced and the static of the res-
pirstory system (hungs =+ chest wall) is & oo
w vw 7! (30 mlemH.0™)

uted
tomography (CT) of patients with ARDS o mm
e aess are

e ity s the shunc” (Figare
311y, which s uually s large (ofen more than 40%)

] D
Percentage roninfated ssue

jure 311 Relationship of areral 75, shunt and

s en o preref 03103 5 poref 10
reference 22

Tove fiffeent sbromilis of respntoy s
mechanics.” Respiratory syscem compliance i reduced
0 8 similar extent in both groups, but the abnormalicy
is sty with lung complance when lung discase isthe
e o chestvall omplane i exapmoary

st il ity s cedced by colape xd
incesed s
M

istance to air flow was found to be 1.5~
20 cmH.O1 )5 or about three
Cimes that of anaesthetised patients with normal lungs,
e same technique. Using the model

ance in patients with ARDS coul
odasic redsumce o tisue, although the aincy
resistance was sull sbout twice normal

Avealar/capillry permeabty is increased substantaly
throughout the course of AL This may be demon-
strated by the enhanced transit of various trscer mole-
cules across the alveolar/capillary. membrane (pase
45

MECHANISMS OF ALl
Histopathology

Although of diverse aetalogics, the histlogical sppear-
ances of ARDS are remarkably consistent and thisfends
support far ARDS being considered a discrete clinical
entity. Histological changes at autopsy may be divided
into two stages, 35 follows.

Acutestage. The scute stage is characterised by domagect

eghe Al bt
o oage 213, which may b toly dearoped (Figae




Figure 31.2 Elecron micrograph of an alveolarseptum n the
early stages of scute lung injury On the ight hand side of the
Septum there are many cxamples of damage to slveolar

in itact Th

to that which results from exposure to high concentra-
tions of oxyeen (page 35
The incersttial space s greatly expanded by oedema
fluid, fibres and a variety of proliferating cells In the
¢ way 3s for other causes of pulmorary fibrosis,
extracellular matrix remodelling begins (page 405).
Fibosiscommences aferthe sk weckand limately

Bbrocytes predominate: extensiv seen in
resolving cases. These flvmyvmlx(slume cham,:s may
oceur earlier i pulmoran werapulme

causes of ARDS *

Cellular mechanisms'*>"
The diversity of predisposing conditions suggests that
there may be sex chanisms, at east in the
, but the end result
i remarkably similar. In all cases, lung injury seems to
begin with damge to the alveolar/capilary membrane.
followed by progressive inflammation leading to
mnm epichlnl cell nuy, el transudtion,pul-
capillary obstruction.

aiveotar gas spaces to th left and right contein many red blood
cells, eucacytes, coll debrs an fibn stands The scale br is

"Cells e are capable = the alveolar
ol membraneinclude
hages and platelets.

authors and the Editors of Clric n Chest Mecicine)

31.2). Meanwhile the basement membrane s usually
preserved and the endothelial cells sl tend to form
apparerly intact cell junctions.
Endothelial permeability is nevertheless increase
interstitial ocdema s found, predominantly on the
e il e s of
pulmonary oedema (page

Frotenccomaling had eaks oto the abveol, which
also contain red blaod cells and leucocytes in addition
o amorphous mater comprisin steandsof G (ee

continuous layer with 3

T hres b of subtamics, lnchling baterl cndie
toin, reactive oxygen species, proteases, thrombin,
fbrin, fibrin degradationproducts, arachidonic acid
sl md el protdammatoycytokines
It seems improbable that any one mechanism is responsi
bl for ol cases of ALL It s more kel dhat diferent
mechanis i diffecent predisposing conditions
i Attt aa ol oL ALL

Neutrophils arc rows accepted as having a key role in
human ALL Althoush ALI can still be induced in -
trophil.depieted animals, patients with ARDS have large
mbers of nestroph cytokines in

¢ (BAL) fluid sampies.” Neutrop

ils snd_ associated

Figure 31.2).
et e st o b Boais

sciation may occur n fespone 0 8 e numbes of
substances, some of whit Figare 313

s common at this stage

vith septicacrnia, <apilries may be completely plugeed
with leucacytes and the underlying endatheliom may
then be damaged

Chronicorfibroproiferativestage. Attcmpted repair and
proliferation predominate in the chranic stage of ARDS.
Within a v days of the onset of the condition, there is
a thickening of endothelium, epithelium and the iner-
stital space. The type | epthelil cellare destroyed and
replaced by type 11 cels, which prolferate but do not
differeniate into type 1 cells as usual. They remain
cuboidal and about ten times the thickness of the type
1 cells they have seplaced. This appesrs to be a non-
specific response to demaged type | cels and is simiar

Which of these are important in ALI is unknown, but
n the predisposing condiors for

own to
d in sepsis-related ALL Manwmlwn of neu-
trophils from the pulmonary capillary into the lung
by s i St st S el et
is described on page 403. During margination, and once
‘primed; that i,

ysosomes. Finally, stimulation results from a whole host
of cytokines, some derived from other inflammatory
cells (macrophages, lymphocytes or endothelil cells)
and some from other neutrophils, so amplifying the



Lipopoiysaccharde

Lipic medistors Grokies
BLPAF SIS

i T Tor st
Oxpgen Prtesecomm

rivatves

wu e,

Figure 313

nent €53, platelet-activating factor (PAF) and LS
accelerste margination.  Granulocyte/macrophage
colony-stimulating factor (GM-CSF) and IL3 con-
b B aropalt slorg ok
ron-y re cher inflammatory cells
Filly 111, 118 e TNl nct positive feed:
bl i & g e stimulation.
ming growth factor-B (T
el amtiallatenatory, bl podiiced by e

i the prin

403). IL-§ is involved in most stages of neutrophil

n (see Figure 31.3) and the serum concen-

Sin AL may help predict those patients
wich 3 poor prognosis.”

2. Protesse enzymes lead to extensive tissue damage in
the lung. The most damaging is elastase which, con-

referred to as metalloproteinases are more specific for
individual substrates such as collsgen.

3. Reactive oxyzen species and related compounds (see

Chapter 26) are powerful and important bactericidal

agents, which o have the capacity to damage the

endothelium by lipid peroxidation and other means.

In additi @antitrypsin, an impor-
202

Marginaton, when neutrophis adnere o the capllay (Cap)
nd migrate between endothelil cell £C)into the

pulmanary inflammation, Neutrophil margination may occur by
diferent mechanisms in pulmonary capilais 52 page 403
For explanation of abbreviatons, sce tex

process. Stimultion causes release of 4 whole host of
inflammatory medistors (see Figure 31.3) and i also
associated with inappropriste release of
g releasd o phag

5, they come into direct contact wid
the endothelium, which is thereby damaz:

Four groups of substances released from neutrophils
(see Figure 31.3) are comsidered to concribute o kung
damase, as follows.

e 8 Netiophl e e of pmduuug

e bl
Teubin 1 (115 ave widespred profflmmatory
of endothelial cclls 1o

and
sclectins, which facilitate margination of further
flammatory cells (page 403). Complement compo-

1ant antip y e 2
4. Lipid-derived mediators include _ prostaglandins,
B ombcane s Iekteenes (LT i L e
BB e wint porygt o A1 These two act

the same way s apl

watrophil activacion, and
endothell cells direely and promotes Intravascuae
coagulation.

Macrophages and basophils. Macrophages are already

10, sk s e cpesionof sy o
and 50 acs as one of the very few antinflammatory
s v o endiod i ALIS

Patsesae presen v the pulmanry caplaies o arge
numbers in ARDS. Agsregation in the

Sl ik ncresae opllry hesae pretarspoe
sibly die to release of arachidonic acid metabolites.

s, many of the




increased peceeability. Accumulation of platelets nd
seseophils sl ikt ‘inrsvastao cosgalaiion il
occlude pulmonary vessels, proucing pulmonary hyper-

fused lung units. I

Pressure-controlled ventilation (page 421) is now the
preferred technigue in most centres to avoid the prob-
Tems outlined in the previous parasraph. However, with

ventilation i lungs v

that many proteins, including albumin but partcularly
fibrin monomer, can antagonise the action of urfctan,
so fundamentall altering lung mechans

The potential contribution to ALI of lung damage sec
ondary to artificial ventilation is described on page 437.

PRINCIPLES OF THERAPY?>>

pliance, such as in AL of an adeg
e alass ey RS i techaiques ire
advocated to deal with this problem,. First, inverse inspi-
ration/expiration ratios may be used, in which expiratory
time i shotr s nsplstory dme, lloving the dl-

ry of 2 larger tidal volume. Second, the hypercapnia
iyt Fom the nsdegte magute velome g b

Treatment of the underlying cause in conjunction with
supportive therapy remains the mainstay of curren man-
agement. Optimal management of the cardiovascular
and ena syt i vial component of AL tetment
as any increase in w\mm\ar\ copllrypesre . I

uid overload) m. to_ catastrophic p
R o feaans

tion in all but the most minor degrees of ALL

Artificial ventilation in ARDS” >
General principles of artificial ventilation and the result-
s s debed il o he

il o
s g ey patients with ALL a
desc

o o of patients with severe AL may be conve.
niently divided into three hypothetical sections.” First,
there will be some ‘mormal’ arcas, usually i the non.
dependent region. Second, there wil be areas, usually in
dependent regions, with such severe collapse and alveo-
lar flooding ¢hat ventiation il be impossible. Finally
there will e an intermediate area with poorly ventilated
or collapsed alveol; that are capable of being ‘recruited"
by appropriae artificial venclaion, with  resulan
improvement in gas exchange. Although the relative
amounts of each section will vary greatly according to
the severity of the ALI, there will ahvays be some lung
i the final area and so capable of recruitment

idal volume. The recognition that pasiti
cilation can lead o hurg dsmage (page 437) has led 0.0
change in ventiltary technigue used in patients with
ALL Oserdistension of alveoli by application of
tidal volumes is now believed to-be a significant factor
in lung damage. In particular, because of the extensive
areas of pulmonary collapse a typical patient with ARDS
may only have approximately one-third of the fung bei
ventilated. Thus use of a normal tidal volume (10~
12mlkg") wil, for the few alveol being ventlated,
equate to a tidal solume of three times usual for normal
healthy lungs, which in a 70 kg subject equates to over
2 lies.

partially
arterial PCO, is allowed 1o increase until such time as the
espiratory acidosis is deemed detrimenta, which will
depend on the patient’s cardiovascular function

Polve endxpirtory presuns PEERL® A o time
 carly use of PEEP might prevent the

- -\dnpmvnl AR et e sy

there is any such effect. T

amount of non-inflated lung tissue seen an CT scan,

particulaely in dependent lun region:

and therefore the arterial PO; (Figare 31.4), also

sure and possible damage oceur (pege 437 et seq.). Iden-

g tis ot b v et o s e I
o suggested that PEEP be incressed until the

Il

compliance curve is reached (point A in Figure 31.3),

normally beoween 15 cmH 0. The

-

which 35

pared 1o chest CT scans and may seful in
ascertaining which patients have significant potentially
recruitable regions of luag.
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Figure 314 Efectof positve end-expiratory
pressure on varous facorsifluencing oxygen

distresssyndrome. Although areral 0 5

reference 22 emaining data from
reference 25)

P

£ =
Positve enct-expiatory pressure (P9

Figure 315 Static pressure versus ung volume curves for paients
receiing positive pressure ventiation. Note theseverely recuced

ung volume and comalianca n ALL Point A indcates the lower
inflecion of the urve,abave plance s considerably
E Application of posiive end-expiratory p

Snouls ideally be maintained balow 35



Proposed mecha

PUimorenyerodte Pt

Non-spaciic pulmonary vasodiator

iric oxide Regional pulmonary vasodlator see text)
A Enhancement of hypoxic pulmonary vasoconstriction
Surfactant i also have
antiinflammatory properties
Antinflammatory  Sterolds General antinflammatory.
Ketoconazole. Inhibits thromboxane synthesis
Pentonifyline Reduces neutrophil chemotaxis and activation
antagonists i
Antioxidants
g
Anticoagulants Heparin Reduces fibrin deposition n alveoli
ALL Theres

AL For further detals see references 1, 36,51, 52.
0D, i i TN,

 nterleukin 1.

Protective ventilation strategy. In ARDS, the sentlatory
strategy used must halance the conflicting requirements
of maintaining adequate gas exchange in severely dis-
cased lungs while simultanously avoiding damaging the
lungs by the use of large tidal volumes, high ainway pres-
sures or harmful levels of inspired oxygen. Protective
ventilation is & widely advocsted ventlatory strategy

it may achive the best compromise and involves

Initial tidal volumes used. for
ventilation should be between 6 and Smlkg! using
pressure-controlled venilation. PEEP is st using a
curve or increased uncil arterial PO is

< 5 Al Aot e e e
protective ventilation in some groups of patients with
ARDS."

Alternative ventilatory strategies” Many other tech-
niques have been described for ventilating patients with
ARDS who continue to have unacceptably poor gas

exchange despite the use of protective ventilation. None:

416

of these has been shown to improve clinical outcome.
Possible interventions include:
« inverse-rato ventilation (poge 4
« prane position. In the prone position both ventlation
ome more uniform and the areas of
e e position
o e ey
bout two-thirds of patients demonstrate an improve-
ent in oxygenation on turning prone, though this
nomlly ot staine and rspated tin of h

el O
+ extrapulmonary gas exchange (page 439)
+ partalliquid ventilcion

Other therapeutic options.

Specifc therapy for ALL is the goal of much research,
which i directed partcularly towards the contral of
epss s th devclopment of tsgorits to thevarios
medistorsconsidered above.” In most has
proved difcul to demonstrate thei efficacy in the clir-
ieal sevting, Detiled descrption of these, and. «uvrml
ther plamueolgical approsies o the trsiment o
Hrfen s
shosen i Table 3




KEY POINTS
® Non-invasive ventilation may be used to

piration by external forces. For most clinical applica-
i s o e et
poc o s, hic s ptient's et

ratory system -mhmme need for tracheal
intubation or tracheostor
v et pr e vt can e
delivered b/ ‘avariety of different techniques,
many of which are coordinated with the
patients own respirato
Positive end-expiratory pressure increses the
functional residual capacity,reduces ainvay.
resistance and may prevent or reverse lung
collapse.
Ay ncrese I mean nathoracc pessre, 25
seen during posiive-pressure ventiation,
impairs venous retun, increases pulmonary
Vascularresistance and so reduces cardiac

output.

® Aificial ventiation may damage the lung by
exerting excessive pressues or volumes on (ung
tissue or by causing repeated opening and

by a variety of tech-
s deseibed theoughot this chapter! Provsion of
the whole minute ventilation by artificial means is now
only seen during anacsthesia with paralysis and in the
most crtically il patients.

NON-INVASIVE VENTILATION*
Noninvasive ventilaton is defined as respiratory sup-
port without establshing a tracheal airvay. It may be

schieved by either negative-pressure ventilation or posi-
tive-pressure ventilation via a mask or similar device.

Negative-pressure ventilation*
“This requiresthe application of subatmospheric pressure
10 the trunk. It vas first reported in 1929° and widely
used for the following 30 years during polio epidemics.

Adinically usefulartficial lung remains orly 2
itant posibiy, akthouh xtacorporeal

Enchasiosm or the techrque has ctusted sine, bt
1o be interest in
lation for a small group of patients.”

‘exchange continue to evolve and are now.
beneficial or some groups of patients.

he previous five chapters have outlined the numerous
ways in which the respiratory system may fail to achi
15 gty of bt T8 fis
rious techniques avalable to replace,

v p:ma“y o el the gt exchange funcion of
the respiratory

e e
action of the patient’s respiratory muscles or a severe
dysfunction of the mechanics of breathing. ¢ may also
be used to fmprove oxygenation of arcral blood even
wwhen PCO is within normal limits. Artific
e tn e previon o he ot ol o i

ften referred to as an ‘ron fon,
e th whele body exceps the had 0 be encsed

in 2 cabinet with an sitight seal around e

pressure i then applicd i the

S A
may also
Ircksee cquiralent of poitive- . expiratory presire
(PEEP). In terms of the airway-to-ambient pressure gra-
dient, cabinet. ventilators are identical in principle to
postive-pressure ventilation, with very effects
oo rspirenrs hysilon. Collrs of
the extrathoracic upper airway during inspiration may
occur, particularly during sleep. Vomiting or regurgita-
tion of gastric contents exposes the patient to the danger
of spirtion deingthe npsoryphse, nd s
rred partcularly  distressing

b e




Cuirass and jacket ventilators are a simplified form of

cabinet ventiator in which 1 subat-
mospheric pressure i confined o 1

abdominalwall. Function depends on  good ietight sel.

ore consenient to use and may be uscfulto supplement
st sponianecns bevothing

ek e i of i 0! s
(see

+ resting fatigued respiratory muscles

* delvery ofo e i sxyen concenrion b
e use of  tigh-Fting Focemask (g

G e g
hypercapia

prevnton o rexpanson of s of sl o
cn when using PEEP (s

i A e

failure (poge 436

and hypercap-

trunk and allows below)
Vith continuousnegative presire 7 faclatesa wide
cange of tidal volumes and some d

the Tanctional resdual capaciey (FRC).
dusing surgery on the airvay, 30 o
any form of trackeal wbe.

Negative-pressure ventilation continues to have a place
in the management of respirtory fulure de o neuro-
muscula disorders! o cente proa?and n pacdiatec
intensive care

s e g central
mes may be readily treated with
with good symptom

il s

hypoventilati

noninvasive m.m.uun ™NIV),
relicf. The

bations (page 380), reducing the need
intubation. Other groups in which NIV has been shown
to be beneficial include immunocompromised patients
wich chest infections, some patients with acute lung

from arti-

Positive-pressure ventilation may be delivered using soft
masks that fit over the mouth and nose or only the
‘With nasal ventilation, positive pressure in the nasophar-
v normally displaces the soft palate anteriorly aginst
the tongue, thus preventing escape of gas through the
mouth. Most ventilator systems used are pressure gen-
erators and so are ‘leak tolerant’; that is, flow automati
cally increases to compensate for a pressure drop due to
gas leakage. Adverse effects of nasal ventilation include
eye iritation, conjunctivitis and ficial skin necrosis

Techniques of ventilation sre simils to invasive artificial
ventilation. Ventilstor modes that use patient triggering
are better tolerated than controlled ventlation, particu-

ompensate for leaks, so is rarely used. Pres-
vl ventiton or pressre. suppoct venela:

Ton (FSV, sec. below) sre commenly e, o=
continous (CPAP) Tn el
ive sy pressre (bl PAP) the ventltor
preset values for inspiraton

positive sirway pre

respiratory problems or orly at night for long-term res-

piratory discase. The use of nzsal CPAP for treating the
seep apnoca-hypopnoea syndrome has been describecd
on page 251. In this case, benefit occurs simply by dis-
placing the soft palate away from the posteior pharyn-
geal wall. Benchit in other respiracory diseases is more
iffcult to explain, bus possible mechanisms include:

ficial ventilacion."* Acute pulmonary oedema may be
successfully trested with non-invasive positive-pressure
ventilation'” and the mechanism of this benefical cffect
is explained on page 392

INTERMITTENT POSITIVE-PRESSURE
VENTILATION (IPPV)
Phases of the respiratory cycle
Inspiation. Duing IPPY, the mouth (o irway) pressure
is incermitcently raised sbove ambient pressure. The
inspircd g then flows into the lungs in accordance with
the resistance and compliance of the respiratory system.
Winsption s o th disbution s goencd iy
by regional complisnce. IF inspiration is f:
ke
time constaats {see Figure 3.6). Different temporal pat-
erns of pressure may e applied, as discussed below.

Expiration. During IPPV, expiration results from allow-
ing mouth pressure to fll to ambient. Expiration is then
el O )t et
breahin, i which diaphrgm muscle tone s gadually
reduced (page 56). Expication may be impeded by the
application of PEEP. In the past, expiration was some-
times accelerated by the application of  subatmospheric
pressure, termed negative end-expi pressure
(NEEP), though this technique is no longer used. Expi-
ration to ambient pressure i termed zero end-cxpiratory
pressure (ZEEP).

IF the inflating pressure is maintined for several
seconds, the resulting tidal volume will be indicated by
the following relationship:




Tl olme =susined o s

totalsatic compliance
Thus, for_example, o susained inflation_ pressure of
10cmHO with 2 static. complince of 0.5 LKPa
(S0mLemt0™) would  result hung. volume
500 ml above FRC.

Time course of inflation and deflation

Equiration accoring to he sbove cuation usilly

the total (dynamic) compliance, whereas the pressure

reqired to overcome sir flow resistance equals the air

v resistance multplied by the instantaneous flow rate.

“The effect of applying a constant pressure (or square
veave infltion) is shown in Figure 32.1. The two com-
ponents of the inflation pressure vary during the course.
of inspiration but their sum remains constant. The
component overcoming ai flow resisance is masimal at
first and declines exponentially with air flow as inflacion
proceeds. The component overcoming elsti resistance
s i £ oo vl Wit sl eoptry
mechanics in e change in lung

e m;pimhun it is opposed by the two forms of
impedance: the elastic esistance o lungs and chest wall
(sl )l e oy e et

. AUany instant, the inlaion presure equals the sum

ressures required to overcome these two forms
pedance. The pressure require to overcome elastic
resistance equals the lung volume sbove FRC divided by

- ressure o overcome i fow esstance

i b 55 i bt T s
as i Figure 32.1
“The approach of the Tung volume to its equilibrium
value is according to an exponential function of the
ashin type (see Appendix F). The time constant,
which s the time required for inflation to 63% of the
equilibrium value, equals the product of resistance and

Figure 32.1 Artifical ventiation by

incermicent 2 constan: pressure

{square wave) ollowed by passive expiratir
piratory and expiratory flow rates are both

the same graph.
Lung volume and alveolarpressure may be.

T 15 2
Time (seconds]

s constant Values aretypialforan
anaesthetised supine paralysed patient:

. ot dynamic complance, 05 4P

i {50 ml<mH.0 ' pulmonary resistance.
03kpal’s ' (3emHO1 s ) apparatus
resistance 07 KPal s 7 emH01"s ) total
rsistance, 1 Pl 5" (10 @mH,01"s” ) tme
constant, 05




s i i

Time constant = resistance x compliance
05second = 1kPal” s x 0.5LKPa™
15" x 005 LemH.0™

ar 05 secon

Ocmi
“The time conscant is the time that would be required to
sesch equilirium i the intial ispira

maintained. times more convenient t0 use the
lltime, which i 069 times the dime cons

T i e

Teis norml practice Forthe inspiatory phas t b ter-
minated after 1 ar 2 seconds, 3t which time the lung
volume will stll be increasing. Inflaion pressure is not
then the sole arbiter of tdal volume but must be consid-

sl o FEREE et e 5 e 21,
during expiration the alveolar pressure (proportional to
{5 g Vi s RC) s ey proportionsl ta
ry fow e and all three qunties decine

A s R

compliance and resistance.

The effect of changes in inflation pressure,
resistance and compliance

The heavy fine in Figure 32.2 shows the inflation curve
for the normal parameters of an unconscious paralyses

pacent s ted i Bble 321, Thes re the s vhus
that were considered above. The basic curve is a single
e iatal sppraaching o Vo U3 ligs shere
FRC wich  time constant of 0.5 secor

ressure do not alt

er the time con-

ottt Tn P 32 o
labelled ‘inflation pressure daublul is twice the height
of the corresponding the basic curve for the
same time.

Effect of changes in compliance and resistance. If the
complanc s dosble,the cqubeum il vos
fobled. Howeser, the time constant (product of
anplmnce and resistance] is also doubled and therefore
the equilibrium volume s approached more slowly (sce
Figure 32.2). Conversel, ifthe compliance i halved, the
<quium i vlame o baled and o the time
constant
‘Changes n resistance have a direct effect on the
comtun of “aflcion but do ot et the eqml\l)mm)
tidal volume. Thus the cffect of an increased resista
o0 Sl Vim0 thugh the edcion i pitory
flow rate. Wichin limits, this can be counteracted by pro-
longing inspiration or by increasing the inflation pressure
and the degree of overpressure (explained below). The
effects, shown in Figure 322, apply not only to the
whole Tung but also to regions that may have different
compliances, resistances and time constants (page 111).

Overpressure, Increasing the inflation pressure has
major effect on the cquired to achieve a particu-
lar lung volume above FRC. In Figure 32.3, the fung

Gime requi

0 Figure 322 Efect o changes n vraus factrs
onthe rate o flaon ofte lunge.Fed
ot iral bl lune e =
ifiation sessure  complianc: tme constnt =

Complancex edstanc. o ko Tabe 3211
S
2 < )
B e ey 55
“ ‘Complance falved
05 10 5 20 25
e seconds



characteristics sre the same as for the basic curve in

ever, the same lung volume is achicved
in only 0.3 seconds by doubling the inflstion pressure.
The application of 3 pressure that, i sustained, would
give 2 tidal volume higher than that which is intended is
Known as overpressure; it s used extensively to incresse:
the inspitatory flow rate and 5o <o shorten the inspira
tory phase. The use of a subatmospheric pressure to
increase the rate of passive expiration is similar in prin-

iple but s complicated by airway trapping (Figure
32.3b).

is mo very convincing evidence of the superiority of one
over the other, except that distrbution of inspired gas is
improved if there 5. prolongation of the period during
which the applied pressure is maximol. This permits
better veatilation of the ‘slow” alveoli and is not very
imporsant in patients with reltively healdhy lungs.

Constant flow rate ventilators rc exensively used and
Fure 324 sows presre, solime and 1) kit
@ manner analogous to Figure 3

Sine wave generators swere popular in the days of
‘mechanical ventltors. The patseen of inspirators flow
rate was  dieect consequence of the mechanical inkage

It is helpful o assume that the patterns of air low
described above are exponential in character, as this
greatly assists our understanding of the situation.
However, there are many reasons why air flow should

ore 5 exphration proecds,th calibe ofthe e pas

sages decreases and there is also a transition to more
Laminar flow as the instantancous flow rate decreases.
Approximation to 3 single exponential function is
nevertheless good enough for many practical purposes,

Alternative patterns of application of
inflation pressure
Constant pressure ar squre wave inflation has been con-
sidered above because  for mathematical
are, however, an almost infnite number
of pressure profile that may be applicd for [PPV. There

Fiaure 32.5 shows the pattern of pressure, volume and
flowe rate chenges with a sine wase generror.
Control of duration of inspiration

Three methods are in general use.

Time cycling terminates inspiration after 3 preset time.
With mechanical ventilators delivering 3 sine pressure

bl g i O e B g

s effcs on the il
e s
b 16 more complés s Jeeetbad ol e ke
23).

e cycling terminates inspiration when a_ presct
e g e




Figure 32:3 () How the duration ofnfaion may
horened by the use o overpress

ure. nflation

the use of a subtmospheic pessure or ‘negative

:
e
T
§ o)) e amotine
S
o
. i
oo
e

afer 06 s o may be prolonged,in which case the
T e o

Passive expration

ac,
02 7 3
Expiraton ime seconds)

should guarantee the tidal volume even if the compli-
ance or resistance of the lungs changes within limits. For-
s, volume-cycled ventilators were usually based on
a reciprocating pump of preset tidal volume. Nowadays
ore likely to be flow generators with an inspi-
ratory flow sensor that terminates inspiration when the
Teuired vohame (inegyal of flw rate) has entered the
lungs.

st e =l when a particular
jouth pressure is achieved. This in no way guarantees
the il voume

of eycling, piratory
durstion, usualy as 2 safety precaution. For

prcre s con b s tos eyl '
volume-cycled ventiator. This can cither function ss
4 pressure relcfvalve or it can terminate the insp
phase.

The inspiratory/expiratory (IE) ratio
Tor a given minute volume of ventilation, it is possible
oy i i it the duraion of inspiaton and
xplation and th ot between the . A commen

s Tollowed by 2.4

xample, would liit npisony fow e and cause o
e rapidincrese s

the inspiratory phase. Pressure-cycled ventilators arc
SeRir e generators.

e furran\mn (U et 1/2-14), ging vl
reau range 12-20 breaths per




nspiation Expiion

Pressure o owrcome.
| puimorary resistance:

/ resveo

e

alveolr pressure may be showr

raph if compliance s constan. Values e

typical for an anaesthetised supine paralysed
e 140

S
Time (scords)

150 micmH,0°): pulmonary resistance 03

1KPal s (10 amH,O1 s} time constant,
055,

Pa)

Aivechrpressure

espiatry

Expiraiory

et
‘overcome pulmonary fasitance (ko)

minute. The problem is whether changes from this  below It may be achieved cither by slowing the inspira-
pattern confer any lppmnahle bt n erms of g tory ek (shallow ramp) or h) huldmg the lng
exchange. Reduction of the o less than inspiration (i

e e s e

is no evidence that the duration of inspiration (in the
fange 0.5-3 seconds) has any appreciable effect on the
alveolar/arterial PO; gradient. Thus the accepted view
scems to be that 1 second is a ressonable minimal time
for inspiration.

[ el venion s i zlfn( iy
the mean lung volume and s expected t
iy o€ 604 advegs o FEEE 5 o]

/1 have been used but 2/1 s generally prefersble. The
deree of verse L o s s i by the crlc-
vascular disturbances seen with. the technique_(see
o) s e bl ot 0
is unduly curtaled, FRC reased, gencrating

caled ‘arisic oAb bk

Gas re uring an inspiratory hold reduces
e i sy (page 120) s oo s howko P,

 the same minute volume.'* This permits the use of

alower peak inflation pressure




e 325 Artifcal ventlation with

e
i the change in lung volume. (The latte
Pressure 10, suming that air flow reslstance is constant, it
XS, required to overcome resistance may be
05 = 20 30 alveolar pressure may be shown on the same.

Appeoimarey causl

"
Expinory

Interaction of ventilator controls
The usual conerols thatare provided on an artifical ven-
tilator are drawn from the following list:

« Tl volume

« Inspiratory flow rate

+ Duration of inspiration

+ Duration of expiration

« VE ratio

* Respiratory frequency

- Minute volume.

It will be found that the maximum posible mumber of
independent controls i three. A setting of any three on
chis it il dtermin the wales o all h remaiing
vaibls. Opiin s ke o which of these

the clinician should operate i th advent of
clectronically cumwl]cd el o sy o s o

03Kl (3 cmH,O1 5 - apparatus
fesistance 07 kPal s 7 cmH,01 s ' total
resistance, 1 KPa."s " 10 cm# 01”5 ) time
constant 055

CLINICAL USE OF IPPY

The previous section classifies ventilators according to
the method of gas flow generation — for example, con-
stant flow, constant pressure o sine Wave generstors —
based on the mechanism by which the ventilator worked

re and flow throughout the ventia-

rmally perform a either fow or
pressure generators, usually with a variety of inspiratory
flow paterns.In addition, they have given rie to s whole
host of previously impossble ventiltory techniques, a
majority of which are dependent on the veatiltor
responding appropriately to the patient’s own respia-
tory cfforts

trols may be alcered
Smulraneoudy displayed, allowing the wer t0 immeds-
ately see the effect of the changes being made.

st
For many years there have been vensilators in which the
inspiratory phase could be triggered with a spontanecus



S e i e modified to
volume of ventilatior,

‘monitor tidal volume, whether generated by th
(spontancous breath) or artificially (ventiator breath).
With this information availsble it is @ simple task to
. by electronic means, 2 predetermined minute
volume, number of breaths etc. by introducing extra
ventilator breaths when necessary. The challenge forven

flator and spontaneous breaths. Without
s synchuonisaion,  ptiont with sy essonsblespon-
tancous respiratory effort begins to “fight’ against the
ventilator,” leading to discomfort, poor gas exchange and
cordiovascular discurbance

“There are two ways by which & ventiltor may detect
the onset of a spontaneous breath.

Pressure sensing. At the onset of a respirztory cffors, the
patient will generate a reduction in pressure within the
circuit, which may be detected in the ventlator. This
pressure wave travels through the circutt at ay
mately the speed of sound and so reaches the ventilator
weithin 12 ms, following which the pressure sensor must
respond and flow into the 0 facill-
tate inspiration. Overall 5 take approv
mately 100 ms to occur, which is undetectable by the
paticnt, The pressure drop required to-

s now always measured relative to circ
pheric) pressure, to allow the use of CPAP during ven-
silation. The time taken to trigger the ventilator increases

proxi-

wiggering is also affected b
s Fuon oF (i i et o e .
ness of the tubing

Flow sensing. Detection of inspiratory flow may trigeer
aventilator breath or sorme type of respiratory assist (see

and outflow represents the patient’s respiratior
criggering oc

inspiration and s used in pressure support ventlation
o)

(sce bel

Ventilatory modes in common use

In addition to control mode ventilation (CMV), there
re now 3 bewildering range of ventiltion patterns.

M

eienbo bt she sl B Figs 35.6.

Mandatory minute volume (MMV). Tntroduced i the

level of MMY, ventilstor breaths did
el i ki el o
dinate the mandatory breaths with patient respication to
2 greater degree than the original mechanical technique,
including provision

intensive care p
NIV, which has now been slemost eniely replaced by
ather technigues.

Assistcontrol ventilation or synchronised IPPV (Figure
“This was one of the earlier ventilatory modes that
depended on patient triggering of ventilator breaths. Tt
is essentially the same as volume preset PPV except that
reaths are trggered by the patient, normally as a result
of reduced circuit pressure. A masimum time delay
between breaths is incorporated, following which a
breath will be generated by the ventiator if spontancons
triggering has ceased. There i o provision for sponta-
neous breathing between ventilator breaths.

Airway pressure release ventilation (Figure 32.64)."""
This ventiation mode differs significandly from all other
forms of posicive-pressure ventilation and is essentially
hermere o PV ( consistsof maintainine the breath-
ing syste invay pressure level (Pu),
which i

ek e o b
sure level (P,.), causing the patient to exhale to FRC.
The pattern of the impos
versed I/E ratio. The patient is sble to breath
Tancously throughout the
st of the time this will be during Py.s, when inspirs-
tion will start from a lung volume greater than.
Anicial breats ave thu within the conventiona tdal
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e 526 Airway pressure during a variety of
Commoty sed modes of ventlation. o COAP.
continuous postive airay pressure, and SPEEP,
true positive end-oxpiratoy pressure,applied

ing spontaneovs breathing. (b) MV, contral

ressre<onuolednpaion. (0 1CHY.
sist-contr aton, i

L
D7 O volume comrol - pressiecontrol
0 iggering. (d) APRY,arway pressur reeas
et Wik et Sy Dvasxme (M
L sfeemitomnd smutancous spons

iy peEp

m...am», einon s for A et that
pon

<ontols the duration of each treat

practce,
of these mordes,such as SV, PSV and PEEP
together.

ssociated with greater likeliood of pulmnary callapse
in m]umd Tungs and, as a consequence, worsening of oxy-

‘Synchronised intermittent mandatory ventilation (SIMV)

ient's own respiratory effort as described above. The
essential feature of SIMV is to allow the patient to take
x breaths. This

es. Fisst, 3 spontaneous
inspiration is not obstructed by a closed inspiratory valve
and this helps to prevent the patient fghting the ventr

lator. The second advantage i the facilitation of weaning,
wwhich s considered below: Third, the patient is able to
breathe spontancously at any time during prolonged ven-
tilation; this may prevent respiratory muscle atrophy and
helps o reduce the mean intrathoracic pressure. Most
el o peaviie MY,
it is used exten

in conjunction with pressure support ventilation (sec
below)

sively in many parts

Pressure support ventilation (PSV) (Figure 32.60°°%' Tn
chi sysem 2 spotancous piration tggr 3 rpid
low of gas that increases until ressure reaches
Frestotoet I Flens seaing by 58 yenlaor s ko
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then able to detect when the sponancoss inspration
ends, at which point the pressure support ceases and
expifation accurs, The purpose is not 10 provide a pre-
seibed tidal volume, but to assis the patient in msking

(maximalpressure_suppo
reduced as the patient’s ventilatory capacity improves.
The amount of pressure support provided does seem to
e inversely related to the work of breathing.

High-frequency venti
High-frequency ventiltion may be clasifed intothe fo-
Iowing categris: highfrguency posiive-presire ven:

9
v Imin? 68 102 14
w | a4 w7
Vo iphysiol)  mi 165 9% £

i 3 56 7

‘opm, breaths per minute. Data from reference 24

for

tilation (HFPPV),
and high-frequency oscilltion (HFO).

mgnmmey itive-pressure ventilation (HFPPV) is
in the frequency range 1-2Hz (60—
P 1) and can be considered as an extension
of conventional PPV techaiques. Although many con-
vetieal ity il il this frequency
range, specially designed ventlators have been used.

g fequency je veniation (1Y) covers she fe-
quency range 1-5 Hz, Inspication is driven by a high-
velocity stream of gas from a et which may or may not
entrain . Hurbicaion with
HFIV is technically difficult and, if done properly

advantage is the ability to ventlate through & narrow
cannula, a5 for exmple through the cricothyroid
membrane.

HIFJV has been extensively used both in he operating
theatre and also during intensive therapy, Jet systems are
cxremsly et lots oy face towards or away from
the paticnt and may thus power inspiration, retard expi-
tation, s cxpiration of provide PEEF

High requncy oslation (0P covesthe freqocy
nange 3 the flows are usally g

n oscilaing pum o alies ol i o T
piece. At these high frequencies, the respiratory wase-
Torm s usualy sinusoidal including actve expiration.
sl vames are invialy ll and are i o

The relationship between tidal votume and dead
during high-frequency ventilation is crucial to an fisod

standing

It
cidal volume and dead space from measurements made

make di
il oo f s oy ventltion, espe
il in humans. Chlsabars and cllngies” sudied
acsthetised humans during HFPPV up 1o freq

of 2Hi, holding ateal PCOx pprovimarcly consant
at about 5 kPa (37.5 mmHg). As frequency increased
i Comtioul. vt 15 caths min ! to
HEPPV at 2 Haz it was necessary to double the minute.
b (Table 22). The actul volume of the physio-
it decreasing tidal

Stion s more complex at high
found that tidal volumes of at least 100 ml were still
required at freq
opled e vlune o
cate a dead space/tidal volume ratio of aver 90%.2 There
are severe xc:hvm i difficulties in the measurement of
the "senl deivered sl volmes ich, hough
undoubtedly less than the pump settings, are probably
‘much larger than the external movements of the thorax
would suggest

d-expiratory pressure is inexitably rased at high fre-
quencies because the duration of expisation will be inad-
equate for passive exhalation to FRC, the time constant
of the normal respiratory system heing sbout 0.5 second.
(see above]. Therefore, the use of respiratory frequc
s sbore st 21z il uemly el i ok
hence an increased end-cxpiratory lung
tikely to be a major factor promoting
inge.

PEE]
ol ik
favourable gas exchas



Gas mixing and treaming is likely to be modified at high

frequencies. The sudden reversals of flow direction are

likely to set up cddies that blue the boundary be

dead space and alveolar gas, thus improving the effi-
bee

s ol n ot exchange during HFO

‘Measured on ventiator:
P o atio

20 (Pac, in kPa) o 150 (Pac,
inmmHg)

diled by incnsic PLEP may cotrbte o this cffc. 155 s Vol T2 TO KA
B oA e by pLEmee R
b b et e o 151030 cmH0
suggested that high-frequency ventlation causes ‘accel- PPy 03

erated diffusion’, but this s difficult to demonstrate. CROP score. 213 mibreath”.min
The clinical indications for hig ventilation

remain unclear. The techniques have been sed mainly  spontaneous breathing:

for weaning from artificial ventilation in adults and for  Respiratory it
respiratory support in babies. HEIV seems to have 2 Tidal volume kg

wider acceptance than HEPPV or HFO, but randomised  Respiratory rate: idal Seobmastt

erals have generally faled to demonstrate any clear clin- ~_ volume:

ical advantage over conventional methods of ventila- RVRscore 105 breatheminil]
tion. > There is no doubt that cffe hange is

usually possible with high-frequency ventilation but the

Pl maximal nspiratory pressure; P, mouth occlusion
0.1 after the onset of inspiration; CROP and RVR scores,
2)

. Ao e s enhsts, thers e thc
of an application. There
with

tis mﬂelv atedt

Tt ns
bronchopleursl Tola e the echmique s pariulry
conveniens when there is 10 st o betveen

see textfor detal.

occasionally fram thyrotoxicosis, convulsions or shiver-
cased

venilator and the <, during surgery
S Fnt e P it feare
is the avoidance of high peak imspiratory pressi
Fmsopmanm eyt its e b i
Iaton i impcded, e t must be a¢ very high frequencies.
Whether highfrequency ventilation is less Tikely 0
prodce pulmonary barotrauma than conventiona tech-
niques of ventilation will be diffcult to desermine in

man, but snimal experiments suggest this may be so. A
recently developed non-imyasive form of high-frequency
venilation is described sbose.

Weaning™'

Weaning i the proess by whichsifcil venion
sradalywichde s th patien etumed o normal
apraion. I practc it s vefl 10 ik of two g
st il e
of any artificial airway, usually 2 tracheal tube or tra-
cheostomy: Only the first of these stages is considered
here.

Successful weaning. Before weaning can be

i oy
gt eomianks s reo e gt osets

sirway resistance also_imposes additional &

Shiton shiasion watching aad secim o
s bbb sl
respiratory muscle function must be achieved (page 84),
including correction of any metabolic disturbance ard
provision of adequate blood supply o the muscles; that
s, the patient must hase reasonable cardiovaseular func-

‘more widely accepted

Nosingle variable is a elisble indicator of success, with
most having very low predictive values. This has led to
the development of more complex scoring systems,
which include the Complisnce, Rate, Oxygenation, Pres-
sure (CROP) score, calculsted as

CROP=

lynamic Crs x Pio %
(Pac,/Pac, ) respiratory rate

(Cls, penenimey compliance; Ply.. maximum
Rm/mmm natio (RVR) score is respiratory rate

divided by tidal volume (lires) meas-
ured over | minute vithout artifical ventilation.




OOy sl n RVR
<105 breaths.min 1 are both ressonable Cheedicd
TP SR ey

Techniques for weaning. Recent guidelines suggest that
once these predictors indicate that discontinuation of
ventilstion may be possible, 3 trial of spontancous
breathing should be undertaken.” During. dhis tial,
which should st betweeen 30 and 120 minutes, the
patient breathes spontzncously with only minimal respi-
ratory support and is closely
pattern, patient comi

served to ensure that
fort, gas exchange and

cardiovascular stability are all acceptable. If this trial of
spontancaus breathing fails, approprate degrees of ven-
latory. commenced and further
ials ing performed at 2
fntersals if the predictors of successful weaning, remain
satisfactory:

Ventilation strategics to use between trias of sponts-

quae respiraoy uffon, flloving which the number
of ventiltor breaths can be gradually reduced. While
breaing i el zurvu) some. respirtory
portis normally required, and this is most commony
provied with PSY, the levl of which can agin be
Eradually reduced.
It is important not to place excessive reliance on

se ateention must also be
prichologicl care such 3 esablishment of
o bt day sy and Gt
et {rage 4o0) Flring caly Sesubutons

POSITIVE END-EXPIRATORY PRESSURE

A gra vy of paholgal condiions, 25 el o
sencesl anacschesia, result i a decrease in FRC. The
e e e da s
sidered elsewhere (page 310) and i i reasonable o con-
iderincresin she FRC by thesppliction of PEER frst

described by Hill e al.in 1965
Expiratory pressure can b raised during borh arcifcil
ventilation and spontancots breathing and the two forms
gy s con-

il Fie 0 Nelsf ot b ER s swhich
sl from ambient pressuce
cxbales agins PEEF, This mvales ies 1  consid
bl e S0l ook b bases
he must raise his entire minute volume to the level of

PEEP that is applied. This is undesirable and CPAP is
much to be preferred to s

True CPAP is more difficult to achieve than sPEER
but usually result in

S york o breaisg The sibplet
picce with a high fresh gas flow venting through 2 PEEF.
valve at the expiratory limb throughout the respirators
tronic ventilstors prodiice CPAP in a similar

he sim-
plest is to exhale through 3 preset depth of water, buc
more convenient methods are spring-loadd valies or
dispheagms pressed down by gas,  column of water or
3 spring. It s also possile o e Venturis and fins
opposing the direction of expiritory gas o

Intrinsic PEEP'®

If a passive expiration is terminated before the lung

volume bas returned to FRC, there will be residual end-
Known a5

(Eep)

with inverse /E ratio may resul in PEE, bt it s more:
reased expieaory fow st
y discase or retention of mucs, or
from the rachel sube (Figure 32.7). Eventaly heo-
lar pressure and lung volume increase suffciently to
cause reductions in both fung compliance and ainvay
resistance (pages 29 and 43); expiatory flow rate then
increases and so the degree of PE

Ac firs sight PEEP: may be perceived as beneficil -
for example, leading to increased FRC and shveolar
recruitment - and it i likely that improsed g exchange
scen vith inverse I/E rato resuls, a least in prt, from,
this. mechanism, Howerer, the fist basard of PEEP:
is its variabilty. Small changes in airvay resisunce,
for example with mucus retention, can lead to rapid
increases in the level of PEEP: The cadiosasclar con-
scquences of PEEPi are signficant (sce belo) and have
been described 35 ‘applying a toumiguet to the right
heart. ™ Finally, the presence of PEEPs will ipede the

ing  greser fll in alveolar presure (o it respira-
tory support.

Applicstion
attenuste the generation of PEEP] by

of external PEEP will 1o some extent,
maintaining airway
paioncyia s el s G S




Nomal

Figure 327 Pressure and flow curves

‘Gemonstrating generation o ntinsic posiive end-

plato preses (P o) Nomal ventiton
ol ressre

rewrning to

(5w V1 vt Anhm-gh the

/\mmh\
[ ]

et e s Gl
(€)Airway obstruction. Expiatory time i normal.
but the decinein pressure and flow s retarded fo
such an extent that expiraion s a5
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AL EFFE
PRESSURE VENTILATION

Kol roses e o s st

S g o ven ot Ml vl e
s in large increases in
mean intrathoracic pressure. Fe

with coughing, straining etc.,

" sithough m.v pressure
eved in th Most

s
bl o 2 U8 o

lungs using 10 breaths. of 10l kgt
:md an VE ratio of 1:2 will generate mean airway
pressutes of approximately 5 cmH,0. Additon of 4
modest 5 cmH;O of PEEP will therefore double the
mean airvay pressure and thus the physilogicl nsult



Pefusion

1l (see Figure 7.4).°

V. For th
the physiological cffects of artificial ventilation has
focused on PEEP

Respiratory effects
istribution of ventilation. Intermittent positive-pressure
ventlation results i a spatial patcern of distribasion that
is dezermined by inflation pressure, regioral compliance
and time constants. Based on external measurements,
the anatomical pattern of distribution of inspircd gas i
different. from that of spontancous breathing, there
being a relatively greater expansion of the ribcage.
However, with spontancous breathing (cglcn:J differ-

<o overexpanded alveolt is reduced and areas of lung with

High V7 ratos develop, which consitute ahveolar dead
space. I helthy lusgs, this effect is notscen until PEEP
levels exceed 10-15 cmH,0. However, with PPV in
ung injury there s now good evidence that overdisten-
sion occurs in the relatively small number of Functional
aveoli (page 414) and local perfusion to these hung units
is lkely o be impeded.

There s indirct evidence that longtem sppliction
of PEEP may cause a very large incresse in the desd
space, probably because o bronchihe diion (e

fume. PPV snd ZEET will v nocffct on FRC

110)a

an c of the ahered ribcage marion, m;m
in el venaion with IPPV s il I hes
T e
appears to be alered by IPPY, the functional effect s
minimal. Application of PEEP increases lung volume
<nd, at high levels, reexpands collapsed alveali, which
changes the compliance of dependent lung regions and
S0 impraves ventiltion of these areas.

However, with PEE] eolar pressure
il eqathe evelof aprlicd PEEP and hs il et she

with a compliance of 051 m (50 mlem;0"). |
ool e b o e e il
e e
ity ol Frevesi o ook colis
PEER It wilabo

Apparatus dead space. ventiaton,
whether invasive or nominvasive, reguires the provision
of an airtisht connection to the patien’s airvay. This
ineviably involves the addion of some apparatus dead
space. With orotracheal and

of the normal snatomical dead space (page 119) is
bypassed, such that averall angtomicl dead space may
be unchanged or reduced. With non-invasive venulation
using faccmasks, apparatus deod space may be substan-
sl Ventlstor tibing used o deliver PPV is normals

tracheostomy tubes much

may amount 10 2-3 ml
and this volume will constitute dead space ventilation.

Physiological dead space. In normal lungs during anaes-
thesia, [PPY alone seems to have little cfect on the
VOV ratio compared with the value obtzined with
<pom here isa slight widening of the
distribution of V/Q atios (page 115), mostly as 2 result
of a reduction in pulmonary blood flow from depression
of candisc output (see below). These chanes are nor-
mallynot sufficient to alter gas exchange. The acute
application of moderate amounts of PEEP causes only a
slight increase in VD/VT ratio. ™

“The alveolar component of physiological dead space
may be increased by ventiltion in patients with fung
njury or when mean inteathoracic pressure i high, such
2 with signifcant amounts of PEER. Usder the later
conditions, lung volume is increased to suc
that not only does cardiac outpr Fll but pulmonary vas-

mtancous breath

feduce airway resitance according to the inverse reh.
iomship between lung volume SHE s e

thereby improving the ventlation of the dependent over-
perfused pasts of the lung

ey prmeabity: T s s ound e
ses the permeability of the lung to DTPA, 2
e il tho dous e ey s e

extravascular ung water distribution is discussed on page
392.

Arteral Po, Necher PPV nor PEEP. sl oty

oxpemaion I pulents s by
dly

hower s ki e v

improves arterial PO in a wide range of pathological sit-
vations. | improvement in PO, relates
to the mean ainway pressure achieved and, s described.
above, PEEP provides an easy way of elevating airway

st cases, the




pressures. Re-expansion of <l lung_units,
mpeovel ventabn, of stk o o
f extravascular lung water will all
yension.

3
3
ga
5

B e e it

Figure

0 the trestment of pulmonary cedema and acute lung
njry ae described o pages 392 and 414, rspectively.

The Valsalva effect

It has long been known that an increase in intrathors
pressre s complex cralstory offct e
as the Valsalva effect, he circulatory response
o sbectcreasing his simway prese o aboue 5 KPa
slottis for about 30
ponse s in four parts (Figure

gaued by three factors achycard, icresed syvemic

i retstonsip bevwien egons rssre sn volame  he

Nomal

(ofterload) ant
enl venous presgr, which Tent o vetare thevenols

Asa these compensatians, the arterial
emlly sexles o 3 vaue iy close <0 the
eve befoe staring th Vlslso manceuvre. When the
intrathoracic pressure i restored to normal, there is an

Figure 329 Qualitative changes fn mean arterial
blood pressure during a Valsabva manoeuvre 35

respanses. See text for explanation of the

ot et to

e
Venticuls e

[ —



il Spcrsys e g s s o ke
altered baseline. Simultancously ¢ return
e S hehe e ciin m e
within a However, the arteriolar bed
remains temporarily constricted and there is therefore a
transient overshoot of arterial pressure

Figure 32.9b shows the abnormal ‘square wave’ pattern
that oceurs with rased end-diastolic pressure or left
tricular failure or both, The initial increase in arterial
presie (phae 1) occoms ol but he decline in
pressure in phase ing because the output of the
o b s o a il e by o ddele
IR St e e e

incresse in pulse rate or systemic vascular resist-

ance. Therefore there is n overshoot of pressure when
the inrthorsccpresure 3 rstoreto orma

Figure 32.9¢ 2 different sbnormal pateern,
e e e e e S
strction (e.5. autonomic neuropathy or a spinal anses-
thetic). Phase 1 is normal,

Few seconds.

e by i B e e

Cardiovascular effects of positive-
pressure ventilation*'**
Intialy there was great zeluctance to use PEER, partly
because of the well-known Valsalva_effect and partly
because of the circulatory hazard that had been
escribed in the classic paper of Courna s
Ieagues in 1948 Not many papers i this field have two
Nobel prize winners among their authors. The cardio-
vascular cffects of IPPV. and PEEP continue to cause
problems in clinical practice, and after another half
century of investigation the effects remain incompletely
elucidated.

al. ™ reported a progres-
and PEEP in

Cardiac output:# Bindsley et
sive decrease in cardiac output with IPPY

taneausly, cardiac ousput was reduced by 10% with [PPV
and ZEEP, 18% with 9 cmH.O of PEEP and 36% with
16 emH.O of PEEP Another study; this time in patients
with severe acute lung injury, also demonstrated & pro-
gressive reduction in cardiac output for PEEP in the
range 5-30 cm0, but the effect was partially reversed

by blood volume expansion (Figure 3
There is genersl a hat the main cause of the
reduction in cardinc outpat is obstruction to flling of

the clevated intrathoracic
pressure. With spontancous respiration, the negative

I 2
Enderpiatory pressure (0]
Figure 32.10 Cardlovasculs responses as  funcion of posiive
end-expiratory pressure PEEP) in patientswith acute lung
injury. Left and right venticular end-diastolic pressure (LVEDP
1 VEDP) weremesured s o iaplelpresrs
{Drawn from dataof Jardin . Frcot N,
B St e et o oy
pressure on et ventriular performance. N EnglJ
304 387-52 and reproduced with permision from Nupn JF.
Posiive encexpiratory pressure. Int AndesthesolCln 1984; 22
-54)

intrathoracic pressure during inspiration draws blood
into the chest from the known as the
‘thoracic pump'. Postive intrathoracic pressure abolishes
e e
pressure seen_extra- and_intrathoracic
Vel Redueed righ vemede (%) flling presoes
quickly lead to reduced left ventricle (LV) fling and
cardiac output fall.“ These changes vl clearly be more
pronounced with hypovolacria

‘A second cause for reduced cardiac output may come
ino ply it hih srway presures, modese PEEP
or lung hyperinflation such 2 occurs with PEEPi. As
B e g i et el
vated pulmonary vaseulr esistance, which will couse an
increase in RV volume * There is now good evi

{ha tio ofthe RV has profound efects n LV fance
tion, preventing adequate LV filng and reducing LV
complance, both of which lead to a fall in cardiac
outpur Contractiliy of the LV is not thoush to change
with positive intrathoracic pressure. Interactions of some

major veins,




Feebie esponse

Syse
pressure

o B )
PEEP (cm,0)

Figure 32.12 End-expiratoryalveokar and inirapleural pressures

e PEEPL The

v ool
JF.Positve end-

Figure 3211

. See text or ful
plraion VEDPand VEDP, gt and f ventcue e
diasolc pressure; BV and LV, right and left venti

of the factors by which PEEP may influence cardiac

With positive-pressure ventilation, atrial pressures tend
o e rehne to atmospheric. However, rela-

321

Oxygen flux. In many patients with pulmonary disease,
PEEP tends to improve the arterisl 0 while decre:
iing the cardiac output. As PEEP is increased the oxygen
delivery (the product of cardiac output anc

axygen content; page 187) tends <o risc to a maximum
and then fall. Assuming that a normal or high oxygen flux
s desizable, use of [PV or PEEP therefore requires opti-
misation of cardiac output with fluid replacement (see
Figure 32.10) or with positive inotropes and this is now.
standard practice in criti

care units.

it tlood precure Feure 3210 shows e deckne
arterial pressure closely following the change in

utput. 1 hos been suggested thas this s due to PEEP
causing b i et ey

Interpretation of vascular pressures. Ausial pressuces are
normally mesured relative to atmospheric. pressure.

lvels of PEEP (e Figure 32.10). T s the transmural
pressure gradient and ot the lev
phere that s relevant to cardiac filing

el relative to atmos-

Transmission of ainway pressure to other intrathoracic
tures, The intsspleural pressure is protected from
the level of PEEP by the transmural pressure gradient

the transmission of airway pressure to other
stetres. Wi el complince the it of
ean atorcic presssean i cuput s ety
educed Faients with diseosed lumgs end 10 ave
reduced plmonary complance which s she e in
imsplescl presre (Fgure 32.12). Therlore, thei
cardiovascular systems e becter protected against
adverse offccts of IPPY and PEEP.

Haemodynamic response in heart failure. The cardiovas-
d chus far

tricular end-disstolic pressure with or withou
ar failure. © Reduction of venous seturn to an overlosded
and failing right heart will return the RV to a more



he success of CPAP in the treatment of
cardiogenic pulmonary oedema (page 392).

Other physiological effects
Renal efects. Patients receiving prolonged IPPV tend to
become oedematous. Protein depletion and inappropri-
ste fluid loading may be factors but there is also evidence
that PEEP itself reduces glomerular filtration. Arterial
pressure tends to be reduced a5 described above,
wwhercas central venous pressure is raised. Therefore, the

s & el el e
changes in urinary flow rate.

Pulmonary neutrophil retention. Newsopkils bhave 3
diameter close 1o tht of a pulmonary capilry and this
portant in slowing thei transit time shrough the
lurg to faciitate margination for pulmonary defence
mechanisms (page 403). Any reduction in pulmonary
capilydimerer may heree be cpected incrse
palmanzy cuophil ecntion,which s indeed been
drmmmm(ed 1a Raroan following & Vel

B v the pplcuon of PEEES I the neusophl
trapped in this way hase akeads been activated, for
example following cardiopulmonary. bypass, then lung
injury may oc

VENTILATOR-ASSOCIATED LUNG INJURY (VALY

Barotrauma

A sustsined Increas nthe sl pressre gradent

Bt s i bl
Pulmonary barotrauma probably starts as disruption of
the alveolar membrane, with aic entering the interstitial
space and tracking along.the bronchovascular bundles
into the mediastinum, from which it can reach the peri-
toneum, the pleural cavity o the subcutancous tissues.
Radiological demonstration of pulmonary interstitial gas

strated at autopsy 3 gross dilation of terminal and respi-

ratory bronchioles which they termed bronchiolectasis
(Figure 32.13). Another study described similar changes
in 26 of 30 patients who died following artificial venti-
These studies found developmen of the condl-
tion <o be increased by high PEEP levels, high peak
airway pressurcs, large tidl volumes and the durstion
of i o Jdiet idene siepoted ot

barotrauma resulted in 2 large increase in dead spat

O UL b e e bl i

Tation.

dition of bronchiolectasis appears to be analogous to
bronchopulmonary dysplasia described in infants venti-
lated for respiratory distress syndrome

Volutrauma™*'

Many snimal studies have demonstrated pulmonary
oedema following arcificial ventilation with high inflation
pressures. In one. . ung darmage with high

The firt description of the potential harm that artfi
ventilation may cause to the lungs was published in 1745
Yy John Fothergil-= Following the succesfal resusc-
tation of a paient using expired sir respiration rather
bel e fashionable at the time,
bear,
without injury, as great a force as those of another man
can exert; which by the bellows cannot always be deter-
Al byl ot vt ool gt Sl

i
i
Z’i
H
.
i85

inflation pressures was attenuated by resricting chest
movement to prevent overdistension of the lungs, indi-
cating that alveolar sze rather than pressure was res

sible for ury

believed 1o contribute significantly to lung damage in
petent ot e h gt ool s adlrs.

* Termed volutrauma, this is now.

porio of ol my e the enre bl vlime
(e 414),
“This form of VALI most :ommon!\ mamfcu: mrlb as
dim.

nterstiial or aiveolar pulm are
several 7 gy v

with hizh
o 1) s s gy ot 2

butalso to multisystem
organ falure affecting other body systems.”

closely interrelated.

Alveolar_distension permeabilicy _pulmonsry
oedema (page 391).% With extreme lung distension in
animal studies this occurs quickly and probably resuls



from direct trauma to alveolar stuctures. In larger

more slowly (several hours) ind
from the
‘mediators described below

alterations in surfactant and inflammatory

trauma occurs with rep
ing of small airways with each breath and has been
termed stelermems Eventually, mucosal oedema will
develop sias become progresivly more &
ficult to open unil collapse occurs. Rec < of fung
g bl e b
effects on gss exchange and so encourages the use of
higher pressures and volumes to recruit more ainvays,
leacin to further VALL

cated closare and reapen-

Surfactant function is affected by artificial venilation.
Aimil suudies have demenstraed hit_suracant
increased by arifical senilton, but there

is also ample evidence thot.suractant

uce ical closure of airways during expiration
Causes surfakant to be drawn from the alveol into the
airway, whereas alveolas proteins seen with permeabil-
ity oedema inactivate surfactant (page 414). The result-
e tension will not only affect
lung compliance but may 3lso increase local microvasci-
lar permeabiliy and e alveolar collapse

antincrease inalveolar surfa

ing inflammation occurs with VALI as a result of new:
mm scivcion. Pamonary retenion of newtroplls
s el bave. Once activated ~ for
exposure to the alveolar basement mei
i oy riast sl et tpste pecarabany)
edema and further loss of surfactant function. Alveolar
epitheial™ and pulmonary capillary™ cells may also can-
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Figure 3213 istological

noesthesiol Clin 1954; 2:

m animal studies
eyclical sretch-
duction of inflam-

tribute to lung inflammation. Resuls f
and cultured human cells indicate th
ing of many cell types induces the pro
matory mediators

Prevention of VAL
spite of its contribution to mean sirway pres-

o i sdies s tht modest amcuns of PEE
echucing VALL' Redu o

enion of el iy ¢ dosure a0

s effect. Det
bl el o PEEP in jured lret discussed on
pase

Tidal volume and airway pressure should be minimiscd
far as possible. Plateau pressure is the ventilator me:
urement that equates most closely to the deree of alve-
olar distension. It is currently recommended chat in
e, the plateau

5 b0

A ‘protective” ventilation strategy that combines these.
requiremens is described on page 416 and early results
of its use in the clinical setting indicate that it may b

effective at reducing VALL

ARTIFICIAL VENTILATION FOR RESUSCITATION

Until about 1960, artificial ventlation was usually
attempted by applying mechanical forces directly to the
trk, Methols were based onte esuer manipulating
the trunk snd arms of the victim to achieve changes in
g valume which,when performed in
prodice some degeee of pulmonary ventilation. These

sequence, could



methods, which undoubtedly saved many lives In the
past, are now largely obsolete.

Expired air ventilation®®

Recogaition of the inadequacy of the manual methods

of artificial venilation led directly to o radical new
b to artificial ventla

appy
Around 1960 there was vigorous recxamination of the
conceps of the rescuer's expired sir being used for infla-
tion of the victim's lungs. Flisha has been credied with
use of this technique on the son of the Shunammite
woman (2 Kings 4:32) but the first clear and unequivo-
cal accaunt of the method was by Herholdt and Rafn in
17965

A fst s, € misheappear tat expired s would
ot be a suitable inspired air for pwever,if
et i i
o 1 iy i Al
S Table 32.4 would apply:
e P S ieees e i
A sare of llaion, the rescue's e space s fled
wwith fresh i and this i the firstgas to enter the victim's
lungs. I the rescuer’s dead space is aefcilly increased
by apparatus dead space, this willimprove the freshness
of the air that the receives and will also reduce
el hltlthd of hypocapia n U
ventilation has now displaced the manual
P b except the most unusual circumstances
and its success depends on the following factors.

the rescuer.

- s nommlly poits o schiee odeqate vnlaion
withou fatisue, though

s e

The hands of the rescuer are free to control the

patency of the victim’s airway.

The rescuer can monitor the victim's chest expansion

visually and can also hear any sirvay obstruction and

sense the tidal exchange from the proprioceptive

receptors in his own chest wall

~Alveolar CO,
Alveolar O,

6%
5% 18%

Doubling the rescuers ventlation increases his alveolar
o e
alveolar oxygen concentiation and that of roo

4The et i tremcly cptable i b

5. The method scems to come naturally and many res-
cuers have achicved success with the minimum of
inseruction.

There have been few new developments in recent years.

There is now inceessed fear of infecion from the victim
<nd, despite this being very rare in practice,” there is
renerwed interest in mechanical methods of ventilation”
o even woidance of expired sir ventilstion
Guring resuseacin: One sty of ardac sres Viems
utside bsptl ound that nstrcin by
perform cither chest compressi e or chest com-
S ventlation b v -

rival from the cardisc amest”

et ha or the
m)gen e
obviate the need for artificial ventilation until trained
personnel and equipment areive. The findins of this
study must be interpreted with caution and are only
applicable to a witnessed cardiac arrestin an wrban envi
ronment where emergency services aive an average of
4 minutes after the cardiac arrest.

inders to

EXTRAPULMONARY GAS EXCHANGE

The development of an artificial lung remains only 2
Gistant possibilty 7 but techniques for shortterm,
replacement of s function or more prolonged partial
respiratory support have existed for

were first deseloped for cardiac
surgery to fciliote cardiopulmonary bypass and so allow
surgery on & motionless heart. Subseauendy the use of
extracorporeal and, more. recently, intracorporcal s
exchange vas extended into the reatment of respizatory
filure

‘many years. Extra-

Factors in design”
The lungs of an adule have an interface between blood
g e ios i e
achieve this in an rificial subtiute,and rcfcial Lngs
e S i
ity'. Nevertheless, they function satisfactorily within
limits for many reasons

Factors favouring performance
- The real lung is odapted for maximal exercise,
swhereas. paticnts requiring extrapulmonary. gas ex.

change are usually close t basal metabolic rate or




Respiatory suppert and aricial ventiation
less if hypothermia is used, for cxample during cardiac

& conditions at sea level, there i an enor-

mous rescrve in the capacity of the lung to achieve
equilibrium between pulmonary capilary blood and
alveolar gas (see Figure 9.2). Therefore, 3 subnormal
iffusing capacity does not necessaily result in arte-
sal hypoy

* Ies possible o apeseanrfcl g with n -
olar” oxygen concentratio 90%, com.
pared with 145 for el e ok
cireumstances: reatly increases the oxygen
ranserfo  gven ‘difsing capocity” ofth sl
ung,

+ There is no great difficulty in ncreasing the
tion/perfusion ratio’ of an artificial fung above the

g
53
i

value of sbout 0.8 in the normal lung at rest
« The ‘capillary transit time’ of an artificil lung can be
s oo the 0175 scasd o th s mg

to alveolar’

es the approach of blood P
e 9.2]

k
Itis possible to use countercurrent flow betuween gas
and blood. This does not accur in the lungs of
mannmals, although it i used in the ill of fish.
Carbon_dioxide exchanges readily than

oxygen because of s greater blood and lipid solubility
Therefore, in general, elimination of carbon dioxide does

not present 3 major problem and the lmiting factor of

an artificial lung is oxygenation.

h more

Unfavourable factors
Against these favourable design considerations, there are
certain advantages of the real lung - apart from its very
Tirge siface o~ thar are diffeal: to emulate 1 a1
il lng

* The pulmonary capillaries kave 2 diameter close to
that of a red blood ccll (RBC). Therefore, each REC
s brought into very close contact with the alveolar gas
fsee Figure 2.8). The diffusion distance for artifical
lungs is considerably greater, and this problem s con-
sidered further
The vascular endothelium is specially adapted to

below

otting of

12
1]
§

the extensive non-respiratory
e Tun, which Iclace uptake,
csis nd bioteansformation of many constituents of
dheblod e Chueey 12)Tis oncion st vhe
the lungs are byps
+ The lungis an i S e
pore size of about 10 pm for flow rates of bloo

up to sbout 25 Lmin". This s diffiult to schieve with
iy man-made fler.

Bubble oxygenators

By bresking up the gas stream into small bubbles, it is
possible to achieve very large surface areas of interfac.
Hovever, the smaller the bubbles, the greater the ten-
the blood

10 ek the s seam i s g o 2 (0
7 i in diameter, giving an effecive arca of intrface
of th arder of 15 . Wh 8 mean RBC trasi e of
1-2 scconds and an oxygen concentration of more than

sives an acceptable outlow blood PO; with
blood flo rates up 10 about 6 Lmin”. The PO, of the
outflowing blood must be controlled by admixture of

H
z
2

e e i

Celluar and_protein damage (see. below
blood-gas interface occurs in bubble oxygenators. This is
nox consdered to have sigaifcant clinical effects during
Short-term use, s for example with cardiac surgery, buc
may fican shen used for prolonged peiods
i the treatment of espicaory failure.”

become signi

Membrane oxygenators

ifusion propertes. Unlike thei predecessers, currently
saisblemembrancs offer ke s o the
n of axygen snd carbon dioxide. At 25-50 un chick,
il membrance are seversl times hicker than
the active side of the lveolar/capllary membrane (see
Figure 2.8) but they contain smll (<1 pm) pores, which
inrese g anser sbsantill The bydmphobc
nsture of the membrane material prevents water ent
g the porcs, and 1 nosnal use mermbranes can with-
s i e i o the e of
normal arteal blo e the
pocesend o i withprotsin wich sl reduces the
embrane’s efficiency.
" Gas iffusion withinthe bload presents a consderbe
barrier to cficiency of membrane oxygenator
Fusion of gases through plasma
sas transfr in normal Jung, in
with the capillry wal (page 137). Stream-
der channcls in 2 membrane
of RBC remain-

od pressure. H

in contact
lined flow through much wi
oxygenator.tends to result in 2 stream
it e b
maced that in membrane oeygenators the diffusion path




 Extrapuimonary gas exchange.

for axyeen is sbout 25 i lung, Much
thought has been devoted to the creation of turbulent
flow to counteract this effect by ‘mixing” the blood
Unfortunately, this inevitably leads 10  greater degree
of cell damage (see below) and increased resistance to
flow through the oxygenator

Biocompatibilty. Adsorption of proteins, particularly
albumin, onto th e reduces platelet, neu-
trophil nd complement acvaon s below)and the
technique may be uscd to ‘prime’ oxyger fore
. Atimpts o miic endothellcel poperes have
led to the production of membranes with heparin
e e e e stk
most of the processes described below.

Damage to blood

e due to non-occlusive roller pumps and cen-
Pk s s ekl Denoge de 0 ey

by adhe-
sion and sggregation, and following cardiac surgery,

operive o e Commoly ot alf e e
operative value. Neutrophil activation may occur within
g e S
in distant organs.

Coagulation. No oxygenator can function without
cousing. coagulation of the blood. Anticoagulation is
therelore 3 sine qua non of the technique and heparin
is usully employed for this purpose. Heparin-bonded
components have significantly reduced the systemic
anticosgulant requirement and allowed more prolong

use of circuits, but_cosgolopathyremains the most
comman complication of extracorporeal circulation.”

Systems for extrapulmonary gas exchange™

Cardiopulmonary bypass for cardiac surgery remains the
most common situation in which patients are exposed

senators is p
cal suction in removing e operative
cardiac surgery, this factor outweighs

emator becomes important and membrane oxygenators
are then clearly superior to bubble oxygenators.

Protein denaturation. Contact between blood and either
sas bubbles orsynthetic surfaces reslts i protein denat-
uration and synthetic sufaces become coated with 3
e of ot Wih membrane axygenairs chis
tends tobe sclF-imiting and the protein products

bound to the membrane. Bub

continuous and progressve los o
selease of denatured proteins into the ciculation where
they may have biologica effecs.

Complement activation. Complement activation oceurs
when blood comes into contact with any artif
and complemment C3a i known to be form:
pulinonary_bypass surgery. Heparinbonded systems
cause less complerment activation.

RBC. Shear forces, resulting from turbul

gas exchange. The dusation of such
exposure is normally very short and causes few physio-
logical disturbances postoperatively. Providing longer
term respiratory support is much less common, and also
considerably more difficult, but three techniques exist

tracorporeal membrane axygenation (ECMOL.” ™ Pro-
vision of ECMO reqires continuous bioad flow from
the patient t0 2 reservair system, from which 2 pump
propels blood throvgh an_oxygenator and a_heat
exchanger back to the patient, Venavenous ECMO is
acceptable for treatment of respiratory falure and may
be nsiuted v percaaneos venouscthetes. 1 i

culstory supy slso_required, then. venarierial

ECMO s kel which normally

7 of menbrane o oxgenaon uing 1005 o
it lood flows f pproxmaly 2-4 L. The tech-
pr e e Ll i
years ECMO systems have been developed for use while
‘transporting the patient to the ECMO faciltes *

Extracorporeal carbon dioxide removal (ECCOA). A dif
ferent approach to arificial gas exchange was developed
by Gattinoni et al. in Milan™ They restricted an ECMO

or foaminy
i o i o el e o
REC. Howerer, without surgical suction, damage to REC
with membrane oxygenators remaios within reasonable
limits for many day

Leucocytes and platelets. Counts of these elements are
usually reduced by an amount in excess of the changes

oxygenation by a modification of apnoeic mass move-
ment oxygenation (page 160). The fungs were cither
kept motionless or were ventilited two to three times
per minute (low-frequency positive-pressure ventilation
with extrscorporeal CO removal: LEPPV-ECCO.R).

The technique depends on two important differences
between the exchange of carbon dioxide and oxygen.




Firs, membrane oxygenators remove carbon dioxide
e 1020 e s elfcily thn they e oo
asysen. Sccond: e normil reral avygen content
% ey o ot maimion s

ity even vith 100% oxygen i the gas phase (22 mL.dl” 'y

Therefore, there is e scope
fraction of the cardiac output to compensate for a m;«
fraction of the cardiac output in which oxygenation does
ot take place, In contrast, the normal mixed venous
carbon dioxide content is 52 mldI* compared with an
arterial carbon dioxide conteat of 48 ml.dI". There is
therefore ample scope for removing  larger than normal
fraction of carbon dioxide from & part of the cardiac

Congenital diaphragmatic Bacterial pnevmonia

Overwhelming neonatal sepsis  Acute respiratory.

distress syndrome
Severe surfactant deficency  Myocarditis and
‘ardiomyopathy
Persistent pulmonary.
hypetension
and79)

remosal i
It is therefore possible to meintain carbon di
Homocastasi by divesionof oy a small rcton of the
cardiac aupt through on extracorporeal membrar
oxygen:
ath P held constant by extracorporeal removal of
carbon dioxide, there is no obstacle to the continued

gressive in
G st i ey

trachea to a supply of oxygen, which is then
the lungs at a rate equal to the metabolic consumption
of oxygen, and this should continue indefinitely

Intravascular oxygenators (VOX. Siting the 35
exchange membrane within the patients own circulation
obvises e pecd o any extracorporeal circulation. In
i of the s xchange sufce i vy
imied and. the blood flew around the
e e e
pacin-bonded hollow-fbre oxygenator suitable for use
it the technique.

Clinical applications
Neonates and infants'*"***
i estimated that worldwide i excess of 22 000 babies
ave received treatment involving ECMO. The indica-
tion for treatment is acute respiratory failue of such
Severty tha predicted suriva s less than 20%, and the
Nidongh sl s
i general agreement that
RS peeres come siogansly . bty i
some_centres. achiing suival figures of almost

80%
“This benefi is not withous costs. Vascular access in

infens s dificul and venouerisl ECMO wsing che
carotid and jugular vessels is d, chough
venoenous ECMO with .am.mc s i
widely used. believed to be

Snfant disurbances to cerebral blood flow during
possibly cxacerbated by altered cerebral

lation. As a result, a significant number of

In either

The device is inserted via exposure of the
femoral vein untl it lies mm\.gmm the length of
both inferfor and superior vena cavac, through the right
IVOX device comes in_ different sizes
né S0cm long with 600-1100 fibres
thrugh which oygen s, prodiga sface s of
**Blood flow in the venac.
o thoughe o e oy lamina, even with the
IVOX in place, and gas exchange s again thercfore
lmited by diffusion within the blood.”
The availsble membrane surface area with IVOX s
such that total extrapulmonary gas exchange is currently
impossible and the technigue is sutable only for partial

ions n several ventltor secings, such as ispicaiory
airway pressure and minute volume.">

ECMO-treated infants develop clinical evidence of
cerebral damage, which in some infants causes long-term
disability. 3

Adults™

Exopumonury g exhange s accsioally wsed as o
therapetic “bridge’ in patients waiting for lung trans-
plantation, but its main \ndlu(mn s o s of
severe acute lung injury (Al hapter 30).” Venti-
o st hng e o o e e
(37) contributes to respiratory fulure in

trapul-

remains controversial. The imvasive nature of ext



mary gas exchange and the serious poteintial compli-
cations mean that ECMO is used only in the most
sererdlyll et en i pechli envessele
‘ment of enough patients for randomi is diffcult
nd units have tended to simply publisk Aoty
crolled case series.

IVOX as described above does allow some improvement
i ventilator settings, which should alleviate the risk of
lung trauma, Outcome studies are awaited, but it is
unlikely that the modest improvement in gas exchange
seen with curreat syscems will have significant effects.™

ECMO. A mukicentre randomised prospective wial of
ECMO for patients with e pubhxh:d in
19797 Severely hypoxic patients w

B e G

eroups, with no statstically significant lif-
ference besaveen the two forms of treatment. This trial
effectively stopped ECMO use in adukss for several

n the meantime, significant advances were made.
in the causes and treatment of ALL by other means, such
as ventlutor strateges to limit VALI (see Chaprer 31).

 particularly if msituted
early in the course of severe ALL” but comparative tials
are still vaiced.”

ECCOR has been compared with currently accepted
techniques of artifical ventilation and found <o provide

e o s e et e
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KEY POINTS
& Lung transplantation i an established technigue

refered for traspon hve o frced exisoryvolume
i 1 second (FEV) of less than 30% predicted, rest
sl e e

obstructive pulmonary disease currently being
the most common indication.

tension. hown in
Table 3.1, where it can be seen chat chronic obstruc-
tive pulmonary disease (COPD) s now by far the most

lung, biateral lung or heart-Iung transplant,
depending on the indication.

common of the fung diseases shown
inTable 33.1 may be found elsexwhere (COPD, page 379
Gpantitrypsin_deficency; page 202; idiopathic pul-

soon after the procedure, survivors hav
substanial improvements in quality of fe,lung
function tests and exercise ol
M Lung transplant results in completely.
which

(CF), page 381;
and priey e gl g

In most countries with transplant_programmes the
mumber of patients awaiting transplant exceeds

number of dorors. In recent years the mumber of donor
has remained static whereas the number

Bl Inge e o e
and so causes chest nfecti

Transplantation of a human lung was first performed in
963, but in the years following this few patients sur-
vived for longer than a month. Improved immunosup-
presion e o resugence of nerest i he aly 9505
and the technique has now

of candidates for lung transplants has risen rapidly. As 2

die swhile on the waiting list
taken from paticnts less than 63 years of age with imited
<moking histery and no evidence of lung disease. Using
current. selection criteria, only about 20% of organ
danors are suitable for lung donation. Strateges to
improve the sumber of lung transplants being performed
inclce ncrasing mumbers of i selsed lobar i
plans (see belaw), d ©

of trestment. The function of a umsphnwd x...\g i
oo o the w<Lbog of the recipient, but also

understanding of certain fundamental ssues
of p\ulmumr\‘ physiology. The subject has been reviewed

CLINICAL ASPECTS
Indications

R R considered for transplant have severe

sratory disease and are receiving optimal therapy, but
il vavea ife expectancy o lesthan 2-3 years. Uncon-
trolled respirstory infection, significant disease of other

7 with the espiatory disease, bt in general patients

ke olderpuients o recen ks o g o
heart beating d This Tt approsch potentilly
offe i sdvariags for ing docation; & oxygera.
tion of the donor hung after cessaion of circulation can
conserve hung function for up to an hour.

Types of transplant

Donor and recipient chest sizes are matched. With
current organ preservation sofutions, lung transplants
must be performed within 6-8 haurs of organ removal

Single-lung transplant is the smplest procedure. The
undertaken via 3 thoraco-

presents a significant chal
donor lun is implanted, vith anastomoses of the main



e 868 05 500 494
Idiopathic pulmnniry fbross 1600 07 32 741
Cystc by 1605 68 02 31
s e o 134 35 470
Congenital heart disease. 3t 92 80 28
72 35 s @17

procedures.
1995

pl.
and June 2002 for the indications shown.

bronchus, the left or right pulmonary artery and a ring
of left atrium containing both pulmonary veins of one
ide. Cardiopulmonary i required in some cases,
particularly those patients with preoperative pulmonary
heart failure:

may have a role in preventing lung injury in transplanted
lungs and its routine, rather than emerg;

paticnts having Jung transplants has been sugsested "
Evidence of beneficial outcome with the use of cardio-
pulimonary bypss fo lung ransplantation is acking and
the technique remains controversial."

Biateral g transplant. Double-lung.tonsplant per-
formed a¢ a single operatin is a more complex proce-
dure for sshich sternotomy and cardiopulmonary bypss
are requied. The donor hungs are implanted with anas-
tomoses of cither th trachea or both bronchi, the main

A simpler alternative i €0 transpl
sl (emed o double singleng tramplar) hr
bilateral thoracotomics, and d i
et el

Heart-lung transplant was originally used for patients
with primary pulmonary hypertension and
menger's syndrome and continues to be the operation of
choice for the latter (Tible 33.1). Total cardiopulmonary

Eisen-

complesity and complication rstes of heart-lung trans-

plans ace bigh and, whercver possible oernatie proce-

res are now prefered, lesding 1o a declne in the
number of heart-lung teansplant procedures being
performed.

Chokesof gperation depends on the idication for the
transplant and types of surgery performed are
e
be lower following this

disease. requiresheart-lung
whereas diseases associated with pulmonary
sion ideslly need either heart-ung transplant or bilateral
lung transplant to normalise pulmonary arterial pressure
Lung disease alone is satisfactorily treated with single-

ung is to be avoide

Living-related fung transplants are now being carried out
at several centres in the world.™1* Left or right lower
lobes of the donor relative are transplaned into the
whole hemithorax of the recipient, so the technique is
only suitable for children or very small adults, such as
patients with CE. The same slection criteria apply a
for cadaveric transplantation, so ts must have
bilateral cransplants an

Early results show survival figures at least comparable
with other forms of lung transplantation’” and evidence
s emerging of better survival in pacdiatric lung trans-
plants when living-related, rather than cadaveric, organs



are used.’* The technique is inits infancy arid offers the-
oretical benefits in the availability of organs and attenu-

fentilatory performance. After lung transplantation
FEAt okl o g ot s o e sy
hen sh I improvement, reaching a peak

substantisl. X

Ainway anastomosis. The tracheal or bronchial circuls-
tion of the donor lung is usully compromised and the
problem of stenosis, leskage or even occasional dehis-
Cence of the ainvay anastomosis remains in up to 15%
of transplanted lungs. This i 0 particular problerm for
‘racheal ansstomoses, which seem 10 be in 3 watershed
‘where both tracheol and beonchial blood supply i poor.

-y, in which omentum was brought up through the
w round the anastomosis 1o

provide collateral  circulation. Later, ‘telescoping
bronchisl snastomoses or direct anastomosis of the nter-
ery to the donor bronchial circulation

ted. There is no agrecment on which, i any,
of these technigues is the most useful.

Outcome following transplant
Mortaliy, The actuaial survival of lung cransplant recip-
fents is shown in Figure 33.1. Given the nature of the
surgery, it 3 not surprising that there & sigaificant peri-
operative and carly postoperative mortalty: Theresfter,
sy ates ae o when condeation e 0

e 2-sear p o recipients pror o rans-
G tung or bl ing

Percentaive

Yeurs

Figure 33,1 Actuarialsurvval folowing lung transplantation
Jue lne shows results or i lung ransplants, whereas the
incicares

e et e i byt

3 month e ey From pretanghnt s of

20-30% of predicted normal, recipients of a single-lung
Stoh it i LR 6, ad patiote e
cetin bl lang cempent typicaly v ol
s improvemens n eniatory perfo.
ute to the huge improsement in qualicy of
e i lang st

Exerdse performance. The atsinable el of excrine

fon, include
voluntary mus(l:s, motiicon

exertion, Improvement in performs

P e

remains common, with maximal oxseen upicke (page

239) of about hlf mormal. There is no evidence tha this

imitation resuls from poor pulmonary function and 3

msals i mor il sl i e
duced by immunosuppressant drugs. ™

Rejection™*

Ao jection ocurs Fllovingsvsion of eytotoic
clper T-cells which ‘recognise’ the

T e o o S s
15°% of patients and presents s acute lung injory (see
Chapter 31) within 7 hors o he rnsplon opertion.
Treatment involves escalation of immunosuppressive
dharapy and spporve mansgement o ocher farms
of lung injury: of the snplanted ung s
Sci o enrlty Fo st efec

o rfcionn th g maifests sl a0 pirs
e broncis the origin of which is not
clear but which o ‘ot of ptints normall
e e

Detection of chronic rejection. There is a major difficulty

it is difficult <o distinguish rejection
clinical evidence, Both conditions feature arterial hypox-
ey levcocytos, dyspnoes nd o e duced
copacity for exercise changgs e follwed e
Seizesse tn @ifosng copachy and. FEVa ond e by
perihilar inftration or graft npanﬁ(anon on the chest
radiograph.

Chronic rejection can normally be detected from o

deterioration in previously stable lung function. Bror
chioltis obliterans, 35 the name suggests, causes signifi-
cant air flow limitation; the FEV, is used as a screening
test and slso to stage the degree of rejection

None of the symptoms and signs described are truly
diagaostic of cither acute o chronic threatencd




rejection. The gold standard is the histopathology of an

s nd s i putlents, after the carly postopera-
Bre & slecp is also normal™
hapter 5) does not

apen-ung biopsy, which shows perivascuar smphcytic  tive period >
infiltration or H chis pro-
cedure is ummublc for routine screening, Trans-  depend on either afferent or cfferent nervon of th

bronchial biopsy is less invasive, but unrelisble in
omparian Wit opea b biopey and s o ey
free from hazard.

meunasupprrximm" Except in the case of identical

sins, suvial of the lanted g depends on

bhnees Curn'mzl»:r.\pvm\nl\:svmumno«

el S

1. Steroids to suppress the transcription of numerous
proinflammatory cytokines (page 378).

2. Calcineurininhibitars, such a5 ciclosporin-A or
<acrolimus, which also et

3. Cellcycleinhibitors,
‘mycophenolate mofetil which suppress cellular pro-

ines and inhibit Iymphocyte subset

lung and chere is no evidence of any abnormality after

Tung transplant.

Sronchial mypersnsitiiy. Esbanced scnsiiity <o the
hnmmo(m\smcmr effects of inhaled mulmdmhm and
Hitamine n be demonsnsed afr heart-lors trans-
phnmmn 2 Thxs is thought to be due to hyy pcmnsm
ity of receptors in airway smooth muscle, following
 predomimantly consirictor soromic
supply, mouzh not all studies have demonstrated tl h is. '
st of these fndings, arny hypertespons
(oo 374 0 el  rehlen i raeplrted acicnt’

denervation of th

The cough reflex, in zesponse to afferents arising from
b e ot e tracheal or bronchial anastomosis,
ently Tost after lung transplantation.** Follow
g sigle g tranapant, he remainiog disased lng

will faclitate

wil . which

The continued use eatly
e v ki og
s particularly vulnerable to cytomegalovius, herpes
simplex and Puzamocystis carinii,

AL EFFECTS OF LUNG TRANSPLANT

clearance of secretions from the transplanted lung. Sim-
ilarly,  bilateral single-hung transplant will be preferable
to 3 double-lung transplant, as the former will maintain
intact the potent carinal cough reflex. The abnormality
in cough reflex is a major contributor to hung infection

Transplantation inevitably disrupts innervation, lym-
phatics and the bronchial circulation. The condition of
the recipient is further compromised by immunosup-
pressive therapy.

The denervated lung

The rsplanted g s no afferent or efferent nner-
ther at re-

striction 3-6 mont
sympathetic reinnervation has been demonstrated after
45 months.*

Respiratory rhythm. In Chapter 3, attention was paid to
the weakness of the Hering-Breuer reflex in humans. It
wwas thercfore to be expected that denervation of the
luns, with block of pulmonary baroreceptor input to the
‘medulls, would have minimol effect on the respiratory
hythm. This is in contrast to the dog and most other
laboratory animals, in whom vagal block

cause slow deep breathing. Bilsteral vagal block in human

as described below.

Ventilation/perfusion (V7Q) relationships

Bilateral lung or heart-lung transplants usualy result
V7 relationships, but following single-lung

oFhe vota) and 3 simia proporton o pulmonsry blood
low and so V/Q elationships are acceptable, though not
ol Howerer, olloingsinelan o o
primary pulmonary hypertension, ventiltion to the o
Tones o sppecsimaely el sthough the majo.
o of Hood flow (ofen 580%) 1 to the sramplated
lung, This V/Q mismatch fortunately has le effect on
arteial oxygenstion at rest. Durirg exercise in patients
with  single-lung transplant,the sleady high blood flow
o the transplanted hung seems nt to increase further
and the normal recruitment of apical pulmonary capil-
Tasies (page 96) canno be demonstrate

Hyposic pulmonary vasoconstrition seems 1o be an
entinly local mechanio and s might be expected,
s ben shown 1o persst in the human omsponed
lung.* though some seudies have demonstrated
smarmalte, parsclaly In patiens with pulmonary
hypertension.




Pleural effusion™

The hilar Iymphatics are severed st pnesmonectormy

5 not feasble to anastomose vith the lymphatics

of the donor humg. n animals, restoration of pulmonary.
cously within

e o e iy

injury (page 353) of the groft.? This will cause

stantial increase in lymph production and furthe
tribute to pleural fuid accumulation, Drainage of pleural
fluid is minimal by  fev days after the transplant.

Mucociliary clearance

T R

8. Keller CA. The donor lung: consersation of 2 precious
resource, Tharax 1998; 53: 506-13.

9. de Perrot M, Weder W, Patterson G, Kesharjee S.
S e e

. Bossard RF. Perioperative ansesthetic

Anaesth 1997 44:
M

ardopuimonary bpas. ] Cardahrac Vi ek
2000; 14: 7
LUK o i ey
totinelypeformed with cdomimonay by
Cardiothora Vase st 746-51
e
Tobar lung trsasplantation experience: intermediste.
result. J Thorac Cardiovase Surg 1996, 112
125491

GOl 1 e o e Brmgnei
Anesthesi relted (lobo
i

T

wse seems to be defective production of mucus,

o ebanee s cptliy o e, o
planted lung. Although these h(wls clearly do not pre-
chue long-term sureival of the one-guarter of
deaths following  lung et ot B
infection.®
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Q‘F measurement

SIUNITS

A clean transition from the old to the new metsic units
failed 1 occur. The old system was based o the cen-
timetregramsecond (CGS) and was splemenced
il many nom-<oherent deved unis such o he mi-

limetre of mereury for pressure and the calorie for work,
which could e b el 6 the bk ks by frctors

sccond (MKS) and comprises base and d
which are obtained smply by mulplication or divsion
withou the introduction of mumbers, not even povers

Base units are metre (length), Kilogram (mass), second
(time), ampere (electric current), helvin (thermody-
namic umrxmnm»). mole (amount of substance) and
(luminous intensity)

D ik el oetn s Klopom i
second™), pascal (pr won metre ), joule
e sty T sy
second-).

Special non-f nits exe recognised as having suffcient

ractical impartance to warrant retention for general or
specialised use. These include litre, day, hour, minute
nd the standard atmosphere.

Non-recommended units include the dyne, bar, caloric,

b as the kilogram-force,

craplte. The Rlapcd
F g et of cateary o bl v
E

the medical el s eing delayed for it sppcrs 0 be
fous attachrment to the mercury or water

manometer. We appear to be condemned o a farther
period during which we record arcerial pressure in
ks, venous pressure in emHO and cercbrospinal
luid pressure in mmH,O. This absurd stuation would
be less dangerous if all staff knew the relationship.
between & millimetee of mercury and 3 centmetre o
s in preious dons fthis ook it s proved e
ake text and figares bilingual, with both SI
e
miiar with one or other of the systems. Some useful
conversion factors are listed in Table A1 There are st
some aress of physilogy and medicine where non-S1
units continue o be extensively used, such as e for
most vascular pressures and cmH:O for sirway pressure,
5o these units are retained throughout this book to aid

al quantities relevant to respiratory physiology

defined below, together with their mass/lengthtime.
(MLT) units. These units provide a most useful check of
the valdity of eq

Only quantities with identical MLT units can be added
or subtracted, and the units must be the same on both
sides of an equation.

VOLUME (DIMENSIONS: L)

Inthis bok we ae concemd wichsoumes f Hood
and g Saie S s ol b e i and b
mlipls, However, she Iz (1) and il () are
recognised ssspecial non-S1 s and will remin i wse.
For practical purposes, we may ignore changes in the
volume of liquids which are caused by chans of tem-
perature. However, the changes in solume of gascs
P

sions, the transition
pean countries but barely started in the USA, where
mmHg had been replaced by the almost identical torr.
“The introduction of the Kilopascal for fuid pressures in

caused by changes of
means negligible and constitute an impor
morif hey e fgnoed. These e dscussd ndtal in
Appendix C.



ressure s when volumes are being measured (sce
Appendis C).

T peeront =0, FORCE (DIMENSIONS: MLT)
pressure
Force is defined as mass times acceleration. An under
T lcozscaD) standing of the wnits of force is essential to an under-
standing of e s of presar, Foce, when spplied to
a free body, cases it to change ither the may
the direction of its velocity.
st o The wnits of fore are of two types. The fire is the
force resulting from the action of gravity on a mass and
is synonymous with weight. It includes the kilogram-
o orsts water 561033 fore and th pound-fore (a i the pound per sere
Tty = 136 i inch). All such units are non-recommended under the S1
= 1tor(spprox) S e
force is sbsolute and does not depend on the magnitude
Complionce he gravitations] fied. In the CGS system, the
11Pa =008 1m0 absolute unit of force was the dyne, and this has been
Tenisced e the MKS system oo the SI by the
Flow resistance newcton (N, which s defined as the force which will ive:
Tgat's! = 102cmH0r's’ 2 mass of 1 kifogram an acecleration of | metre per
Second per secon
work X
13 Goule) 102 kiopond metres IN=lkgms?
239 clories
PRESSURE (DIMENSIONS: MLT%/L® OR ML"T)
power ——
W (watt) Pressure is defined as force per unit area, The SI unitis
the pascal (Pa), which is | newton per square metre.
1 e 1Pa= 1 Nt
1N (newton metre = 1000 dynr pascal s inconveniently small (one hundred
o pascal metre) housadh o s aamospher) ond the Klopesal (83)
has been
In the fi 14 has a T by the fac that she kPa is very

been taken to equal 7.5 mmHg or 10 cmHO.

FLUID FLOW RATE (DIMENSIONS: L*/T OR L'T™)

In the case of J“,\..dx, o e e physical quantity
etc. The strict S
litres per minute

e special
gases, the

of cardiac output, blood flow
st e ol

min") and millltres per minute (ml.min ')
non-S1 units which may be retained. For

o
The unitsare the came
Tiquids, except that lires per second are used for the
Tigh amaneone flom ot tat cecer g the
course of inspiration and expiration.

a5 much atten-

he case of gas flow rates, just

In o
ton should be paid to the matter of temperature and

454

close 1o 1% of an stmosphere. Thus a standard atmos-
phere is 101,3 kPa snd the PO, of dry air is very close
1021 kPa, The kilopascal will eventually replace the mil-
Jimetre of mercury and the centimetre of water, both of
which are gravicy based.

The standard atmosphere may continue to be used under
SI. It is defined as 1.013 25 x 10° pascals.

The torr came into use only shortly hefore the move
towards ST units. This is unfortunate for the memory of
Toreicell, as the torr will dissppear from use. The torr

pracicl parposes. Th only disinction isthat the torr
s absolute, whereas the millimetre of mercury is gravity
based.



The bar i the sbsolute unit of pressure in the old CGS

s defined a5 the work done when a force of 1 newton
5 -

venient because the bar is close o | atmosphere (1.013
bars) and 3 millibar is close to 1 centimetre of water
(0.9506 millibars),

COMPLIANCE (DIMENSIONS: M-'L°T*
The term “compliance i used i respiratory physiologs
<o denote the volume change of the lungs i response
%0 a change of pressure. The dimensions arc therefore
volume divided by pressure and the commonest units
Bave been s (or i) e centimetre of vt
ok Sy ooty
opaseal (kP

RESISTANCE TO FLUID FLOW.
(DIMENSIONS: ML*T")

Under conditions of aminar flow (e Figure 42)
rshie e it o e

e e e B s

octcal resancr which i sxpressnd s the 1ati0
of potentil difference to current flow. T
of resistance to gas flow are pressure difference divided
by gas flowe raze and typical units in the respiratory field
O per lire per second (cmH:O.

y in absolute units. Appropriate SI units
will probably be kPa. 5"

The dimensions

WORK (DIMENSIONS: MLT"%, DERIVED FROM
MLT? XL ORMLT?x L)

Work is done wher a force moves its point of applica-
tion or gas is moved in respanse t0 a pressure gradient.
The dimensions are therefore cither force times distance
or pressure times volume, in each csse simplifying to
MUT=. The muliplicity of units 0{ work has caused
orfislon s the st Uil oric and ilo-

R ppea tn fovci ot fole, which

done when | e of gas moves in response t0.2 pressure
sradient of 1 kilopascal. This represents a welcome sim-
plification

1 joule = 1 newton metre = 1 ltee kilopascl

POWER (DIMENSIONS: ML'T /T OR ML'T™)

Pouser i the race at which work is done and 5o has the
dimensions of work divided by time. The SI unit s
the watt, whick equals 1 joule per sccond. Power i the
correet dimension for the e of continuous expend:
sl age eyl s oy o

of breathing’. This Is incorrect and ‘poseer of
R

'SURFACE TENSION (DIMENSIONS:
MLTL OR MT)

Surface tension has been important to th respiatory
phys ince the sealstion of the part i plays in
e Coaptr 3. The CGS i of sfce
tension are dynes per centimetre (of interface). The
sppropriate S unit world be the aewton per mete. This
s the following rather curious relaionships:
INm? =1 Pam=1kgs?

“The unit for surface tension is likely to be colled the
pascal metce (Pa 1), which is identical o the neweton
per metre

REFERENCE
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Appendix

B The gas laws

Aknowledge of physics & more important (o the wider
¢ sysee

o and yerhuig oF the Iungx oceur Iargcly in

Henry's law describes the solution of gases in liquids
with wehich they do not react. The general principle of
Henry’s law is simple enough. The number of molecules
of s desseing o the sl e doecdp promccind o

csponse 1o physal forcs, ith v
2 less conspicuous role than is
brain, heart or kidney.

Certsin physical attributes of gases are customarily
presented under the general heading of the gas laws.
These are of fundamental importance in respiratory
physiology

s alin i

Boyle's law describes the inverse relationship between
the volume nd sbsolute pressure of a perfect gas t con-
stant temperature:

V=K «
swhere P represents pressure and ¥ represents volume
At temperaars e thes ol pis, s dvite
from Boyle's v A
SR o e it e e Sl
importance for carbon dioxide or mitrous oxide.

At room temperature, the deviat

Charles* law describes the direct relationship between
the volume and absolute temperature of o perfect gas 3t
constant pressure:

V=KT @

where T represents the absolute temperature. There are
appreciable deviations at temperaures immediately
above the basling poine of gases. Equations (1) and (2)
may be combined as:

=RT @

where R is the universal gas constant, which is the same
for all perfect gases and value of 81314

the gasat a
and the constant of proportionaliy is an expression of
This is » consta

plicity of units that are used. For example, when con-
sidering oxygen dissolved in blood, it has been customary
to consider the amount of gas dissolved in units of volsth
(m of gas st STPD per 100 ml blood) and the pressure
in mmHg. Solubility is then expressed as volst per

ren mimoLI”
i blaod at 37°C being 0.03. B
vleS and el e vl messurermentsofthe quar

s ey ekl e g it
tion and are interchangeable with the appropriate
conversion factor.

Physicists are more inclined to express solubility in
terms of the Bunsen cocfficient. For this, the amount of
gas in solucion s expressed in terms of volume of gas
TP per unit sume of slvent (i, one hundedih
of the amount xpressd a vol) and he pressre i
S e

Bl 6 e b prefer o ek
st coeficent, Ths & the vlame of g5 g,
sed as its volume under the conditions of te
et whih ik pace
with the pressure
in the gas phase, but this is not so. IF the pressure is
doubled, necoring to Heary'slav, tice as many mol-

= &

joules degrees kelvin™ moles" me ihis ¢ may be
derived that 2.4
litres ot standard temperature = e, oy STD)
oo i T e e e e
behaviour of perfect gases to the extent of having mole
volumes of about 22.2 litres at STPD,

they wouldoccupy hafthe vlumea double e pres
Sur. Therclore, f Henry's and Boyle's s are obeyed:
The Ostwald coeiicient wil be independent of changes
in pressure at which solution occurs. It will differ from.




cules o g2 n another phase when equilibrum betueen
the two has been attained. I ane phase s gos and the
iquid, the liguid/gas partition coeffiient will be
Jenical to the Ostwald coffcient
cients are also used o describe parttioning between two
media fe.g. oil/water, brain/blood etc

Graham's low o diffusion soverns the influence of

importance in the gaseous part of the pahway hetween
ambicnt air and the tissues, and is, in general, only of

fusion’ through the alveo-
membrane (page 136).

Dalton's faw of partial pressure states that, in 3 mixture
of gases, each gas exerts the pressure that it would exert

‘Appendx B The gas laws

if it oceupied the volume alone (see Figure 138). This
is knowwn as the partial pressure (or tension) and the sum
of the portial pressures equals the
mixture. Thus, in 3 mixture of 5% carbon dioxide
oxygen at a toral pressure of 101 kPa (760 mmHg), the
carbon dioxide exerts a partial pressure of 5/100 % 101
Pa (38 mmHg). In general terms:

Peo: = Foo, x Ph

I the alveolar gas a¢ s level there is bowt 6.2% water
vapour, which exerts 2 partial pressure of 6.3KPa
(47 mmig). The availible pressure for other gases is
threloe (P - 63) Fa o (7o - 47) mont, G con-
centrations are usually measured in the dry gas phase and
therefore it s necessary to apply this correction for
weater vapour in the lungs
Tension i synonymous with. partal pressure and is
applied particularly to gases dissolved in a liquid such as
blood. Molecues of gases dissolved in iquids have a ten-
dency to escape, but et lass may be prevented by expos-
ing the liguid to 2 gas mixture in which the partial
pressure of the gas exactly balances the escape tendency,
The two phases are then said to be in cquilibrium and
the tension of a gas in a liguid s defined as the tersion
of the gas in a gas mixture with which the liquid is in
a blood PCO; of 53 kPa (mmmug
f carbon
e O Vil et oot 2 g e i
had a PCO: of 5.3 kPa (40 mmb)




Appendlx

C

Gas volumes are usually measured at ambient (or eni-
ronmental) temperature and pressure, either dry (¢4
from a cylinder bt through a rotameter) or st
st

o fnrt’gases, weneed o know hescual quanity (e
aumber of molecules) of gas mh
conveniently expressed by stat
would be under stand:

tion

wid
xpired gas sample). Customary sbbrevitions mArm
(ambient temperature and pressure, dry) and ATPS
o g e e Sl

CONVERSION OF GAS VOLUME — ATPS TO BTPS

casured by spirometry and other

methods usually indicate the volume at ambicnt tem-

and pressure, saturated (ATPS). Tidal volume,

d space, lung volumes and ventila-

tory gas flow rates etc. should be converted to the

volumes hey would ocupy Inthe lngsofthe putine
S).

arles’

o e
B e e T

Derivation of conversion factors

Volume rrs) = volumnumy[

Psis borometric pressure (kPa) snd Table C.1 has
bear s e it
tions i the

SOL107 ks (740,760 mmitg) hve s neligle
cfect on the factors.

¢ is ambient temperature (C). Tible C.1 s been

for s body empemure
e e SO e of e

PO s e e vpenr pressure of the s (kP
c)

at ambient temperature (see Tible.
CONVERSION OF GAS VOLUME - ATPS TO STPD

In measurement of absolute amounts of gases such as
oxyeen uptake, carbon dioside output and the exchange

(760 mmHg) pressure and dry (STP
conditions, one mole o an idesl gas accupies 22.4 ltres.

Conversion from ATPS to STPD s again by applica-
ton of Charles’ and Boyle's aws, as follows:

i)

7341

P is baromeuric pressure (kFa).

mbiens temperature (°C).

B e s ol o et of the
e (kP3) at ambient temperature

P
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D

Syenbols used in this book are in accordance with rec-
ommendations for editors of medical and sciencific pub-
ications in the United Kingdorn.* There contimues to be:
sariation between journals, particulary between Europe
and the USA. The use of these symbols is very helpful
for an undersianding of the quantistive relstionships
that are so imporant in respiratory physt

Primary symbols (large capitals) denoting physical
quanises.
fractional concentration of gas
pressue, tension or partial pressure of 8 gas
volume of 2 gis
volume of blood
content of a gas in blood
saturation of haemoglobin with oxyeen
sl ex:hanxc satio (RQ)
diffusing cap

* denotes a time. dmmm-, e Vventiation, © blood
flow

SEuao=T

Secondary symbols denoting location of Guantity:

llower case]
3 arterial blood
« venous blood
< capllry
b dead space o

< shunt

5 baromeeric usully pressure)

ol i e blood,
£ mixed expi
'demesend S Sy g el iy
blaod

Tertiary symbols indicating paticular gases.

oxygen
€O, carbon dioxide

N,0 nitrous oxide

exc,

f denotes the respiratory frequency
BTPS, ATPS and STPD: see Appendix C.

Examples of respiratory symbols

Pho,  alsealar oxzen partial pressure
Co, oxygen content of mixed venous blood
Vo.  oxygen consumption

REFERENCE
1. Baron DN. Unis, symbels, an

il abbreviasions. A gui.
for medical and scientific editors and auihors, Sth edn.
London: Royal Society of Medicine




BLOOD GAS CORRECTION
RTIME

This nomogram (Figure E.1) is designed for the applica-
ton of corrections for metabolism of blood occurring
between sampling and andysis (page 161). The cffect
temperature i based on the cooling curve when blood is
drawn a2 37°C into a 5 mi glassor 2 mi plastc syrnge a¢
m temperature, followed by storage at room tem-
apsed

dependent on the hacmoglobin concentration. The slope
is that of 2 line joining the normal arterial point (indi-

dhe cxmple o). Imenctions of b uffec
inlices of metbolc scid-bse ‘e
e bas, sondard bicrbomate and base excess, the
lnst of which is the most commny usd. ecerplution

perature.
shown on the ordinate. Line charts indicate the change

falls) because the rate of fll depends upon the
PO, For details, see reference 1.

(invitro) p

“The example in Figure E-3 is normal arteral bood (in
vitr changes); other cquiibration curves are shown
Figure 105

THE I50-SHUNT CHART

of
PATIENT TEMPERATURE (Figure E2)

Enter with the patient’s temperature on the abscisss.
Multiply the measured gas tension by the factor shown
on the ordinate, using the appropriste curve for PO;
ken line

lin chart at the top of the graph may be used for the
pH correction, which should be added. For details, see
reference 1

‘THE SIGAARD-ANDERSEN CURVE NOMOGRAM
The in vitro relationship between pH and PCo; of axy-

genated blood is indicated either by a line joining two
‘points obtained after in vitro cquilibeation or by a line

ram of the theoretical relationship
between ‘P and inspied anygen concentration
B i A e o
assumed values as follows:

Arcerial PCO, 5.3 KPa (40 mimHg)

Anerilintred venons ey come diffrence

Figure E.

ermoglnbm concentration 145.dI"

Vial hun i deined s the shunt cat e che
relationships depi arterial/mixed venous
e S . Thee cumes
include a small component for moderate non-uniformity.
of ventilstion/perfusion ratios of the ventilated alveoli.!
For further details, see poge 124 ef s
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Figure £2 Nomagram for corecton of blood
(009 gps PcouPo; and pH for Giferences between

s tomeasur
w15 om0

5o 41" (assumed to be 37°C) (Reproduced from reference.
by permission o the Editors of Journal of Appled.
Physiciogy)

o ¥ o
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ycrogenion concentiation (mall)
R 2

Figure £3 The Sigaard-Andersen curve
nomogram relating pH and Pco, for

h % & w0 &
nspied oxyoen concentration 04

120 (Blveling) s for normal arteral biood.

100 am revisted by O, Sigaar-
0 An JClntob nvest.
o vewwtandinoii 1962 16:598-604 by

permission o Taylo &Francis A5,

Figure £ Anerial P, 353 function of inspired
g concenaionon modifed o shnt
diagram (see Fgure 811) incorporating
ot o seimienl A e
Figure 8141 Normal values are assumed for
#o, haemaglobin concentraton and
aneraljmised venous oxygen content

d oxygen concentation as used for
 Caanic b ths amons s G
e Tabe 3111




Mathematical functions relevant to
respiratory physiology

Appendix

This book contains many examples of mathematical
statements, which relste respirztory variables under
specified conditions. Appendix F i imended to reesh
the memory of those readers whose knowledge of math-
cmatics has been aenuated under the relentless pres-
Sure of nev information acquired in the course of study
of the bilogica scences.

“The most basic sty ofrespratory physiology equires

ilsrity with st least four types of mathematical rela-
tonship. These are:

the linear unction

:

exponential functions.

These four types of function will ow be considered sep-
Iy with reference to examples drawn from this

‘THE LINEAR FUNCTION
Examples

1. Pressure gradient against flow rate with laminar flow
(psge 40). There is no constant factor and the pres-

Respirstory minute volume against PCO; (page 62).
In this case there i 2 constant factor corresponding
0. negative’respiratory minure volume when

Over a limi
inflating pressure (page
then the compliance

ed range, lung volume is proportional to
29). The slope of the line is

Mathematical statement. A lincar function describes
change in one varisble (dependent or y variable) that is

fore true constants (iike 7, for example) and are more
precisely termed parameters, whercas y and x

hical representation. Figure F.1 shows a plot of &
linear function following the convention that the inde-
pendent variable [xl . plt bcissa and the
el ) o s Nerethas s
relationship u-\(;rmgh\ i, a0 Simple regrescon sl
si is bascd on the assumption that the relationship is
of this type. If che slope (a) is positive, the line goes
wpwards and 1o the right. If che slope is negative, the
line goes upwards and o the left.

{E RECTANGULAR HYPERBOLA
‘OR INVERSE FUNCTION

Examples

1. The ventilstory response to hypoxia {expressed. in

axis, to the PO at which i is assumed entition
increases towards infiniy.

2. The rcltionships of alveolar gas tensions to alveolar
sniltion e conseniently desribed by estangubr
yperbolas (fr carbon doxide see page |
owgen see page 169).
upwards.for gases that are climinated
dioxide) and concave dowenwards for gases that are
taken up from the lungs (e:8. oxy
soverned by gas outpuc (or uptake), and the asymp-

totes i each caseare zero ventlation and parcal pres-

sure ofthe g3 under cons mspired gas
e rlatonshi helpful for understand

x varizble). There may or may not be a constant factor
wehich is equal 0 y whe x is zero. Thus:

y=ax+h
where a is the slope of the line and b is the constant
factor. In any one particular relationship a and b ar
i e i skl
values under other circumstances. They are not there-

ing the quantitative relationship between ventilasion
and alveola gas tensions.

ance approximates o an inverse forction
of ung volume (page 43).

Mathematical statement. A rectangular hyperbols
it flaiathipen e eyl enh e by
e



Figure F.1 A liear function plotted on lnear coordinates.
Exmsi

les include pressure/ow rate relationships with laminar
ow (see Figure 4.2 and Pco,fventiltion response curves (see
Figure 535,

s inversely proportionsl to the independent variable ¥
thus:

ax+b

The ssymptote o x i it alue when y s infinity and the
ssymptote of i ts value when x is infinity. If b is zero,
then the selaionship may be simply sepresented a5
follows:

Graphical representation. Figure F.2s shows rectangular
hyperbolas with and without constant factors. Changes
i the value of a alter the curvature but not the asymp-
fotes Figare £2b shows the same rlsionships ploted

then

‘THE PARABOLA OR SQUARED FUNCTION
Example

With fully turbulent gas flow, pressure gradient changes
accerding to the square of gas flow and the plot is
<ypical parabola (sce Chapter 4).

Mokt it ek b ] hen

he dependent vrble () chages i progortion tothe
Square of the independent variable (x),

466

T 5 =7
Figure F-2 Rectangular hyperbolas plotied on (a) i
Comeiores and byl Coodiares Baple nclde
the relationships betvieen alveolar gas tensions and alveolar
o, ventiation response
between ainvay
tesisance and lung volume (see Figures 4.5 and 22.13)

Graphical representation. On lincar coordinates, &
parsbola, with positive values of the abscissa, shows
Stceply rising curve (Figure F:33), which may be
fused with an exponential function (see below] althoush
iisfundamentallydifcct. On gt oot
for both abscissa and ardinate, a parabola becomes a
serigh e with aslope of 2 (Figue .3) because og
log .+ 2 log x (a and log a are parsmeters).




where £ is a constant or a parameter.

This general cquation sppears with minor modifica
tions in three main forms. To the biological worker they
may be conveniently described as the tear-away, the
wash-out and the washn.

‘The tear-away exponential function
This muse be described first, as it is the simplest form
of the exponential function. It is, however, the least

£ the three in relstion iratory

important. of to respi

a tear-away exponential function,

Sopeis3
yart

Siopeis2

[rst i e e e
b) logarithmic coordinates ressure/voiume
e e Voo oy

EXPONENTIAL FUNCTIONS

General statement

An exponentialfnction describes a change in which the
rae of change of the dependent variabe i proportional

to the magnitude of the independent varible at that
time. Thus, the rate of change of y with respect to x (.e.
/)" vasies in proparion t the ol of 5 o hat
instant. That i

the quantity under consideration increases at @ rate
hich is in direct proportion o its actual value — the
richer one is, the faster one makes money:

Examples. Classic examples are compound interest and
the mythical waterly that doubles its diameter every
dy (e 4. A typcl blogesl example s hefee
sprad ofa boceril colnyin which (fr cxample) e
bacteriurm divides every 20 minutes. The doubling time
oFthis cxample wiuld b 20 s

Mathematicalstatement.Inthe case of exponentialfunc-

tions relevant to respiracory function, the independent

e constants dapsed
1 3

damerer

¥
Cayssapseit

Figure F.4

5
e csonon st T

every day - 3 typical tar-sway exponentisl funcion.itial
damet Sbling tiie s

12y,



ariable x almost invarisbly represcnts time, and 50 we.
hllake the Herey ofreplacing - with  hroughout. The
cear-aneay function may thus be represented as follows:

Al mthemticl procesing il comvct ths e
ot s e wil indicate the

¥t any time .

s mliply hoch sices by i

Ly kar

Net integeate both sides with respect to ¢
logy+Cy =kt +C

(C and C; are constants of integration and may be col-
lected on the right-hand side.)

logy=(C:~Ci)+kt

Finally, take antilogs of each side to the base e:

At zero time, 1 = 0 and &% = 1. Therefore the constant
70 equals the inital value of y, which we may call
0. Our final equation is thus

y=n
o s the inital value of the variable y at zero time.
% s the base of matural logarithms. This constant
s many remarkable mathe-

matical propert
5 0 constant that defines the speed of the particu-
ar function. For example, it will differ by a factor
of 2 i our mychical water Hly doubles its sze every
12 bous s of vy dag Inthe cse of the

washin, we shal see that & is directly
Telted o cerain inportant physilogcl quantics,
from which we may predic the speed of certain bio-
logical changes

Instead of using e, it is possble to take logs to the more.
familiar base 10, thus:

y=ylo
This s  perfctly valid way of expressing 3 tear-away
exponentil function, but you will notice that the con-

t does, however, bear a constant rela-
tionship to &, as follows:

k= 0.4343k (approx)
Graphical representation. On linear graph paper, a tear-

away exponential function rapidly dissppears off the top

of the paper (sec Figure F4). If ploted on semi-
lugjn(]m\lt paper (time on a linear axis and y on a log-

e plt scrmeh s eaght ok an s
is 3 most convenient method of presenting such a func-
The logarithmic plots in Figures FA-F6 are all
plotted on sen

The wash-out or die-away exponential function
The account of the tear-away exponential function has
really been sn essential introduction o the
dic-away exponental function, which is of great impor-
tance to the biologistin general and the respiratory phy
iologise in particular

wash-out or

Simple statement. In s wash-out exponential function,
the quanly under consderation flls a4 xe which

lecreases progressively in proportion to the distance it
0 ot o, T appmoache b, i theorg, aever
reaches zero.

Examples. Familir examples are cooling curves, radioac-
tive decay and water runaing out of the hath. In the st
cxample the rate of flow of bath water to waste Is pro-
portiona to the pressure of water, which is proportional
o the depth of water n the bath, which in turn is pro-
portionsl to the quantity of water in the bath (assuming
that the sides are vertcal). Therefore, the flow rute of
water to waste i proportionsl to the amount of water
feft In the bath and decreases s the bath empries. The,
Hast molecule of bth water takes an ininitely long time.
o dezin avay

i the field of respiraory physiology, examples
include:

1. passive expiration (Figure F5)

2. the climination of inhalational snacstheti

% il el O 2 st et
increase in ventil

S HloE e e e

sc in ventilation

ot POt el
rogresses along the pulmonary capillary

the fall of blood PO towards the tissue level 2s bload

progresses through the tissue capillaries.

Mathematical statement. When a quantity decreases
negative, Therefore, the.
swash-out exponential function is written thus:

with time, the rate of change

from which we may decive the following cquadons,
which give'the value of y at any time.
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This accords with thelung
volume approaching,but never actually equalling, the FAC.

which s simply another way of saying:

again the intial value of y a zero time, In Figure
F.5, 3o s the nital value of (fung volume ~ FRC) st
et o o G oy the il e
inspired.

inaain the bose o el i 2.7 e o
is the constant andis
the reciprocal s lmponml el
as the ime consian, represented by the Greck leter
tau (3). Thece things should be known about the
time constant

Figure ES shows a tangent drawn to the first par of
the curve, This shovws the course events swould take
i the intial rate were maintained instead of sowing
dowen in the manner charscteristic of the wash-out
curve, The time that would then be required for com-
pletion swould be the time costant (3) or 1/k. The
washeout exponential function eay thus be written:

y=ye

ime constant, y will have fallen <o 1/e of
or approximately 37% of its nitial

2. Afeer 1t
its initial value

e 2 tine consans,  will e Flln 0 1/ of
s iniial value or approximately 13.5% of s initial
value.

3 time constants,  will have fllen <o 172" of
its initil value or approximately 5% of its intial
value
time constants, y will have fllen o 1/¢° of

s initial value or appraximately 1% of its iniial
e

e s o e e

bt

e Tong the i € 5
Varatle ol s rsittince e Chipters
4and 32).

I e . el ot e o
Let V represent the lung volume (sbove FRC), then
e
Assuming Poiseuille’ law s obeyed

sehen P is the instantancous alveolar-to-mouth pressure
geadient and R is the sirway resistance. However, com-
pliance (C) = V/P. Therefore:

Then by integration and taking antilogs as described
bove:

V= Vet

By analogs with the general equation of the wash-out
exponential function, it is clear that CR = 1/k = < (the
time constant). Thus the rime constant equals the product
of compliance and resistance. This is amlogous to the
discharge of an clectrical capacitor through a resistance,
when the time constant of discharge equals the product
of the capacitance and the resistance.

Halffife. It i often convenient to use the halE-lie instead
of the time constant, This is the time required for y to
change to half of its previous value. The special sttrac-

s its case of measurement. The ball-

= Thoid vt 4 s

e e e T

T AT




caton of mspiration (e constanc

et hen followed and th time
el activity is exactly half the intial value.

is constant at al levels of actiity. Half.ivs are shown
in Figures F4-F6 as dots on the curves. For s prticular
exponential function there is a constant relationship
between the time constant and the halFlife
Halflife = 0,69 % time constant
Time constant = 1.4 x holflife
Graphical representaion. Ploting = wash-out exponen-
il function is similar 1o the tear-way function (see
Figure £5). A semilog plot is particulrly convenient as
the curve (being suzight) may then be defined by for
fewer observations. It is akso easy late back-
o 7cro time if the intial value is required but
directlyfor so s, for

% 15
Duation of nftion 5
9 1o - s . 20

example, an essential step in the measurement of cardisc
autput with a dye that is rapidly lost from the circula-
tion (page 107).

in exponential function
i al o the

The wast

assage of successive halflves. Note that, for the. kmﬂog plt,

e ke e e o ke
wash-ont function.

Simple statement. In a wash-in exponential function, the
quantity under consideration cises towards a limiting
valle, ot a rate that decreases progressively in proportion
to the distance it still has to rise

Examples. A typical example would be 3 mountineer

woho each day manages to climb half the remaining dis-

tance between hisovernight camp and the summit of the

mesin,His e o asen decines expnenilly and

e will neve resch the summi. A graph of his atitude

Povcd agut. me wouldresrble  wadiin cuve
Biological examples include the reverse of those listed

for the swash-out function.

1. Inflation of the lungs of a paralysed patient by a sus-

ined increase of mouth pressure (Figure F6).

The uptake of inhalational anaesthetics

The rise of ateril PCO; to is nevw level afier a step

decrease of ventiltion.

The rise of amceral PO; 10 ts new level after a step

increase of ventiltion

“The rise of blood PO; to the alvealar level s i pro-

sresses along the pulmorary capillry:

“The ise of blood PCO: to the venous lesel as blood

progeesses theough the tissue capillarics.

the difference between the equiibrum (ung volume finflation
pressure maintained indefnitay) and the actuallung volum

Mathematical statement, With 2 wash-in exponential
function, y incresses with time and therefore the rate of

e is positive. As time advances, the rate of change
fills towards zero. The intial value of i often zero and
v approsches a fina limiting value that we may designate
i that is, the value of y when time is infinity (). A
change of this type is indicated thus:

As y spproaches y.. so the quantity within the pare
theses approaches zero and the rate of change slows
down, The corresponding equation tht indicstes the
instantaneous value

s the liiting value of  (stsined only at infinite
time)

5 agin the bose of natural logarithms

ks a constant defining the rate of build-up and, 35 is
the case of the wash-ouc

ol ofthe e constan e s
descrbed sbove, It s the time that would be
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