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PREFACE

Developed ongmally as research tools, techmques for the
study of cardiorespiratory function have proved valuable m the
diagnosis and assessment of many patients with diseases of the heart
and lungs Yet both techmques and theory have developed so rapidly
i the past ten years that often the physician 1s forced to rely on
others for mterpretation of the results of the vanous studies performed
on his patients

1t 1s the intent of this book to outhne normal cardiopulmonary
physwology, to pomnt out the areas that may be assessed by physio
logical techniques and to indicate the beaning that such studies have
on the diagnosis evaluation and treatment of patients with cardio
pulmonary disease Disease of the heart and lungs has been considered
as a umit for many reasons Disorder of the heart 1s frequently mam
fested by symptoms atiributable to the lungs dyspnea for example,
while a serious complication of many forms of pulmonary disease 1s
nght ventricular fallure The functioning of the two organs 1s mt1
mately mterwoven and 2 primary task of each the supply of oxygen
to the tissues 1s the same This synthests of function 1s mdicated by
the establisk of cardioresprratory lab 1es for the study of
patients and most physicians have these laboratory faciliies available
to them It 15 hoped that the information presented 1n this book will
be of value to the physician in helping lum select the studies indicated
for the proper evaluation of his patients In addition an understanding
of normal and abnormal cardiopulmonary physiology will provide
both student and practitioner with a basis for the evaluation of clinical

signs and symp which may lly serve as a substitute for
more precise measurements of disturbed function
This 15 not a detailed textbook of techmques of cardic

disease or a review of the Lterature Rather it 15 a distilation of
personal experience and 15 designed to present an approach to clinical
13
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to key articles and books which substantiate and an
pormnts developed n the text When one reference suffice
not been included No attempt has been made to compile
encyclopedia of the voluminous hiterature 1n this rapidly

1t 15 impossible to acknowledge the help of all of th
have made direct or indirect contributions to this bo
whom I am particularly indebted are Dr Herman Tars
contmnuously helpful advice and encouragement Dr
Frank Dr Bruce Sobol, Dr Samuel Fox, Dr Charles
and Mrs Eumice C Stevens, for their careful reviews
script, and Dr Lenore R Zohman, for assistance in t
patients at Grasslands Hospital Fmally, I am indebted t
Waine for the ongmal illustrations

New York



CHAPTER 1

NORMAL CARDIOPULMONARY PHYSIOLOGY

The physiology of respiration and circulation 15 depicted
schematically 1n Figure 1 In essence the cardiorespiratory system
consists of two pumps a lung pump which intermuttently pumps awr
m and out of the alveoh and a double heart pump which pumps
blood through two capillary networks m one continuous circle Ac
tually the heart 1s located 1n the center of the chest, the lung pump
and 15 subject to the same pressute changes that cause air to flow 1n
and out of the lungs

The primary function of this entire system 1s 1o provide adequate
quantities of oxygen to the cells and to remove carbon dioxide The
ulumate source of oxygen 1s the atmosphenic air which 15 also the
deposttory for carbon dioxide

The heart consists of two pumps the nght and left ventricles
The night ventricle pumps blood from the nght atrium to the Jungs
There oxygen diffuses into the blood from the alveolr and carbon
dioxide diffuses out of the blood into the alveolt The lung pumps
fresh air 1n and out of the alveoh so that the alveolar gas composition
remams relatively constant 1n the face of this continuous oxygen up
take and carbon dioxide production Blood flowing from the lung into
the left atrium 15 pumped forward by the left ventnicle to the tissues
1 which oxygen 1s extracted and carbon dtoxide 1s added The venous
blood then flows to the night atrium, whence 1t 1s once agamn pumped
to the lung

The final factor 1n the exchange of gases between the atmospheric
ar and the tissues 15 the chemical composition of the blood The
hemoglobm contained 1n the red blood cells has 2 great affinity for

1






Normal Cardiopulmonary Physiology 3

MEAN PRESSURE FLOW AND THE VOLUME OF BLOOD IN
THE CIRCULATORY SYSTEM

The rate at which blood flows through the circulatory system de
pends upon the artenal pressure and upon the resistance to blood
flow offered by the blood vessels The immediate source of the artenal
pressure the pumping action of the ventricle will be considered later
In ths section attentron will be directed to the relationshups that ex
1st between pressure and blood flow m the vessels

STATIC SYSTEM

In order to understand the factors that affect the magmtude of the
pressure 11 the vanous portions of the circulatory system 1t 15 helpful
to examme the responsible factors i a simplified static system In
such a system the pressure 1s the same throughout Its magmtude de
pends upon two factors the volume of blood 1n the system and the
compliance of the vessel walls The magmtude of the pressure 1s di
rectly proportional to the amount of blood in the system the more
blood the higher the pressure It 15 mversely proportional to the com
pliance of the vessel walls the more compliant the walls the lower
the pressure

In the human cireulatory system the vanous vessels have different
degrees of compliance The vemns are very comphant, whereas the
arteries are relatively nigid As a result more blood 15 contamed 1n the
vemns than 1n the arteries In the absence of blood flow the pressure
is the same m the arteries and veins but the distensible vems hold
much more blood than do the arteries

FLOWING SYSTEM
Effect of Cardiac Action

The pressure 1n any vessel 1s immediately dependent upon the
amount of blood m that vessel and upon the comphance of the vessel
wall When blood flows through the system addittonal pressure 1s
generated by the action of the ventricles Cardiac action has a direct
effect on the pressure within the system primanly upon the artersal

pressure and indirect effects upon the pressure 1n other vessels such
as the veins
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oxygen, that 15, large volumes of oxygen are transported to the tissues
1 a relatively small volume of blood In addition, the oxygen dissoct
ation curve of hemoglobn 1s such that the hemoglobin 1s almost fully
saturated with oxygen at the partial pressure of oxygen existing m the

CAPILLARIES
gos exchange

@%ﬁ‘?f”"‘%
w — foomm ta =P
10mm Hg -P2 e ARTERIOLE

major pressure drop

P1 P2 Cardac output X systemuie vasculor resisfance
P3 Pa  Cardiac output X pulmonary vasculor cesistance

Fg 1 Schematic drawing of normal co distpiratory system Aner ol blood fiows through
the tisues where oxygen is releoted and cobon doxide it taken up Venous blood it
pumped 1o the olveclt whers carbon doxid 1s given off @ d o ygen is taken vp The
lung pumps oir into und out of the alveo! to maimto n @ constant alveolar gas compnsit on
in the fare of this continvous gus excho ge The mean pressure in the sysiemic o feriol syt
tem (P1} 1s wuch higher thon that Tn the p Imonary ol ry {P3) betaute the systeme¢
wvasculue resistance fs much greater than the p fmonary vascolar reststance Also the p o3
sure drop across the sysfem e arferofes (P{ — P2] is correspondingly greater fhan that
acrass the pulmonory o feriofes (P3 — P4] « an though the amo ni of blaod flowing
through the 1wo beds 15 the some

alveohr whereas 1t gives up a large amount of oxygen to the tissues
when exposed to the lower oxygen tension existig 1 and around the
cells This aspect of cardiopulmonary phystology will not be consid
ered here but the action of the heart and lung pumps will be dis
cussed 1n some detail
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to causing an increase of artenal pressure, arteriolar constriction
tends to cause a decrease of capillary and of venous pressure

Po1sSEULLE S LAW  As blood flows along a vessel, the pressure
within the vessel falls The magmtude of the pressure drop depends
upon the velocity of the blood flow and upon the resistance to blood
flow which 1s nversely related to the size of the vessel the faster the
flow, the greater the pressure drop and the smaller the vessel the
greater the pressure drop The major pressure drop mm the human
circulation oceurs 1n the arterioles which have the narrowest total
cross sectional diameter

The relationships between mean pressure penpheral resistance,
and blood flow are expressed by Posseuile s law which states that the
rate of flow through a blood vessel 1s directly proportional to the pres
sure gradient or difference between the proximal and distal points
and 1nversely proportional to the vascular resistance that 15 directly
proportional to the size of the vessel In the Poisseulle formula the
radwus of the vessel 1s raised to the fourth power this implies that a
very small change 1n the diameter of a vessel causes a marked change
1n the vascular resistance and hence 1n the rate of flow Although
wcrease of the proximal pressure causes a proportionate werease of
the blood flow through the vessel increase of vessel size results m a
relatwvely greater increase of flow This relationship between mean
pressure gradient blood flow and penpheral reststance 15 of funda
mental importance n calculating the dimensions of vartous areas of
the human circulatory bed (Chap 2)

‘VASOMOTOR REGULATION OF LocAL Broop FLow As mentioned
above, flow through any vessel 1s accompanied by some decrease of
the mean blood pressure However the largest drop of pressure oc
curs 1 the small arteries and arterioles 1n which the resistance to
blood flow 1s the greatest In the lung this vascular resistance 1s rela
tively passive for vasomotor tone appears to play caly a swall part 1n
the regulation of the size of the pulmonary blood vessels On the
other hand the actvity of the autonomic nervous system 1s of para
mount importance 1n regulating the size of the systemic arterioles
Thus 15 due to the fact that the various organs all supplied by a com
mon pressure head need different amounts of blood at different
tunes  Vasomotor activity regulates the blood flow to each organ to
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Direct EFFect When a ventricle contracts, 1t exerts force on the
blood between sts walls and the mtraventricular pressure nses When
it exceeds the artenial pressure, the outflow valves open, and blood
flows forward into the aorta or pulmonary artery This causes the
pressure 1 the aorta or pulmonary artery to rise whereupon blood
flows forward through the artenal system at an accelerated rate At
the end of ventricular contraction the continumg flow of blood out
of the arteries causes the arterial pressure to drop At any nstant the
pressure 1 the arteries 1s dependent upon the amount of blood mn the
artentes and upon the compliance of the arterial walls (see above)
Cardiac action increases ntra artenial pressure by adding more blood
to the arteries with each heart beat

InpRecT EFFecT Cardiac action also affects the pressure in the
circulatory system indirectly Each ventricle operates at a certam fill
g pressure the atral pressure (see below Stroke Volume) Im
parrment of ventricular function 1s associated with mcrease of the
pressure 1n the atrium and 1n all of the veins behind the atrium Nor
mally, the filling pressure of the left ventricle 1s slightly higher than the
filling pressure of the nght ventricle so that the pressure m the
pulmonary veins 1s higher than the pressure m the systemic veins

Effect of Peripheral Resistance

So far, 1t has been pointed out that the pressure 1n a blood vessel
depends upon the amount of blood in that vessel and upon the complt
ance of the vessel wall The amount of blood 1n the various vessels 15
affected directly and indirectly by cardiac action It 1s also affected by
the resistance offered to the flow of blood through the vessel This
resistance 1s caused primarily by the smaller arteries or arterioles If
the arteroles are narrowed there 15 great resistance to the flow of
blood out of the arterial reservoir At a given pressure the rate of
flow of blood out of the arteries 1s slower than if the arterioles were
dilated As a result the artenal pressure falls less durning diastole than
1t would if the peripheral ressstance were less and the mean or aver
age, arterial pressure 13 higher than 1t would be if the peripheral re
sistance were reduced This also means that less blood and less
pressure 1s transmitted to the capillanes and to the veins In addition
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falls The direct and indirect effects of cardiac action have been
mentioned above

Although all these factors may affect the level of the venous pres
sure the factor of arterial volume 1s of Lttle mportance since as
compared to the volume of blood m the veins, the volume of blood
1n the arterses 1s very small Rarely will enough blood be dislocated
from the venous system nto the arterial system to cause sigmificant
reduction of the venous pressure The factors of major importance i
determining the magnitude of the venous pressure are the total blood
volume the compliance of the walls of the vems and the filling pres
sure of the ventricle

EVENTS OF THE CARDIAC CYCLE
Pressure Pulses

So far discussion has centered about the relationships between
mean pressure blood flow, and vascular resistance Actually arterial
pressure 1s generated by repetitive contractions of each ventricle and
fhence 15 continuously changmg Understanding of the normal pres
sure waves m the cavities of the heart and great vessels 1s essential for
the mterpretation of abnormal patterns that may occur 1n disease
Figure 2 1s a classic portrayal of the pressure events m the chambers
of the left heart and aorta 1n relationship to changes n ventricular
volume the electrical impulses as registered by the electrocardio
gram and the heart sounds during a single cardiac cycle The events
m the nght heart are qualitatively simar so that discussion and
study of this diagram suffices for both ventricles

Spread of the electrical excitatory mpulse through the ventricle
denoted by the R wave on the electrocardiogram 1s followed by con
traction of the ventricle resulting m a rise of the ntracavitary pres
sure (1sometric contraction) When the pressure i the ventricle
exceeds that mn the atrium (Fig 2, 1) the A V valve closes producing
the first heart sound and a small nise of pressure 1n the atrum When
the pressure 1 the ventricle exceeds that in the aorta the aortic valve
opens (Fig 2 2) whereupon blood flows from the ventricle into the
aorta During thrs penod the ventricle and aorta are 2 common cham
ber and the pressure mn them is identical The fall of atnal and
venous pressure during this period 1s attnibuted to the downward dis
placement of the AV valve serving to enlarge the atrmm and to
lower the pressure therem thus promoting atrial filing from the
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match 1ts metabolic activity Increased oxygen consumption 1s met by
vasodilatation and thus, increased blood flow to the organ No such
regional vanation of blood flow 15 necessary m the lung because all
of the alveol: have the same function and verv lirmited metabolic
needs

PULMONARY ARTERY VERSUS SYSTEMIC PRESSURE Sunce the
circulatory system 1s a closed one, the right and left ventricles pump
identical amounts of blood forward 1nto the pulmonary artery and
aorta, respectively Yet the mean pressure 1 the aorta 1s about five
times as ugh as the mean pressure mn the pulmonary artery, because
the systemic arterioles are much narrower than the pulmonary arten
oles and offer five times as much resistance to the flow of blood For
equal amounts of blood to flow through the two systems, the pressure
driving the blood through the narrow systemic arterioles must be five
times as high as that driving the blood through the pulmonary arten
oles As aresult the left ventricle must do approxinately five times as
much work as the right ventricle

Venous Pressure

The relationships between mean pressure, flow, and volume of
blood 1n the circulatory system are obviously extremely complicated
They may be summarnized by considering the factors that contribute
to the magnitude of the venous pressure

The venous pressure 1s related both to the amount of blood m the
vemns and to their complance Either an mcrease of venous blood vol
ume or a decrease of venous elasticity leads to an increase of the
venous pressure Because blood 1s flowing through the circulatory
system, the amount of blood n the various vessels 1s not solely de
pendent upon therr comphance Factors that tend to shift blood from
the vems into the arternal or capillary systems also tend to reduce
venous pressure and vice versa Cardiac action causes blood to be
pumped from the venous system into the artenal system The degree
to which the venous pressure falls depends upon how much blood 1s
taken from the veins and kept in the artenes This 1n turn depends
upon the compliance of the artenes the artenolar size and the action
of the heart The more comphant the arteries the more blood will they
retain  Decreased arteriolar size causes increased resistance to the
flow of blood out of the arteries and thus the pressure and volume of
blood withn the arterial system 15 mcreased while the venous pressure
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venous reservorr The period of ventricular ejection may be divided
mto rapid (Fig 2 2-3) and slow (Fig 2 3—4) ejecion penods
followed by relaxation of the sentricular muscle and abrupt fall
of intracavitary pressure When this falls below the aortic pressure the
aortic valve snaps shut (second heart sound, Fig 2 5), after which
further relaxation of the ventricle results 1 a rapid drop of pressure
to a level below that m the atum This serves to promote early
drastohic filling by ventricular suction  The onset of ventricular
fillmg (Fig 2 6) s comncident with the opening of the A V valve
Duning the remainder of diastole the atnium and ventnicle are essen
tially a common chamber 1n which the pressure nses as blood enters
from the great veins Atral contraction produces a shght increase of
P 1n the two chamt but most of ventricular filling occurs
early n diastole (Fig 2, 6-7) and atnal contraction 1s & relatively
ummportant factor 1n ventncular filling

The aortic pressure curve reveals an abrupt nise (the incisura)
after closure of the A V valves followed by a gentle decline through
out diastole as blood leaves the artenal system through the arterioles
This curve declines at an ever slower rate Since the amount of
blood leaving the arteries through the arterioles at any time 1S
proportional to the artertal pressure the decline of arterial pressure
1s associated with a decreased rate of flow The rate of blood flow
out of the arterial tree 15 also dependent upon the penpheral re
sistance Decreased artenolar size {vasoconstriction) causes a slower
decline of the artenal pressure If uninterrupted by the ensuing heart
beat artenal pressure would contmue to fall so that the magnitude
of the pulse pressure also depends upon the heart rate

The magmtude of the systolic pressure depends on the amount of
blood ejected from the ventricle on the level of the pre-existing
drastolic p and on the d bility of the aorta The diastolic
pressure depends upon how fast the systolic pressure falls and upon
the duration of diastole The longer the duration of dastole the
lower 15 the diastolic pressure The rate of fall of pressure depends
upon the distensibility of the arterial walls the degree to which the
decrease of volume withm the artenal system causes a decrease of
pressure and upon the perpheral resistance which governs the
rate at which blood leaves the arteries Thus the levels of systolic and
diastolic pressure are to a large extent interrelated and 1t 1s an
oversimphification to relate the diastolic pressure to peripheral re
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cardiac output 1s basic to an und ding of the relationships be
tween oxygen uptake and blood flow The Fick principle states that
the oxygen uptake the amount of oxygen taken up by the lungs or
used by the tissues 15 equal to the amount of oxygen entermg the
lungs or tissues minus the amount of oxygen leaving the lungs or
tissues In the case of the tissues for example the amount of oxygen
entering equals the cardiac output times the artenal oxygen content

The amount of oxygen leaving equals the cardiac output times the
venous otygen content The oxygen uptake by the tissues equals the
amount of oxygen which enters minus the amount of oxygen which
leaves This equals the cardiac output tumes the difference between
arterial oxygen content and the venous oxygen content (the arterio

venous oxygen difference) Tissue oxygen requirements are subserved
both by the blood flow and by the arteriovenous oxygen difference

The latter 1s a measure of the amount of oxygen that the tissues extract
from the blood flowing through them The cells can get more oxygen
if the blood flow mcreases or if they extract more oxygen from each
umit of blood flowing through them Calculation of cardiac output
requires measurement of oxygen uptahe and of the amount of oxygen
m arterial and 1n mixed venous blood

Heart Rate

The multiple factors which control cardiac output wil not be
discussed m detall but the important parameters will be outlned
briefly Cardiac output 1s the product of heart rate and of stroke
volume The former appears to be largely under nervous and humoral
control It 1s an mmportant factor in meeting the demands for in
creased blood flow that occur during muscular exercise Up to a
pomnt an increase of the heart rate causes an mcrease of cardiac
output Smce most of ventricular fillng occurs early m diastole (Fig
2) mcrease of the heart rate up to about 180 beats per minute
causes very litle diminution of ventncular fillng even though the
duraton of duastole 1s shortened Since fillng 15 ummpaired the
amount of blood 1n the ventricle at the end of diastole 1s normal and
stroke volume need not be reduced As a result doubling the heart
rate may double the cardiac output

Stroke Volume (Starling Principle)

Stroke volume has been traditionally related since the classic
expeniments of Starlmg and Frank, to the length of the ventricular
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sistance and the systolic pressure to stroke volume Both are affected
though to different degrees, by heart rate, stroke volume, and the
size and elasticaty of alt the components of the artenal and arterolar
bed

Meosurement of Artertal Pressure

Modern techniques permat farthful recording of the phasic pressure
patterns in all of the chambers of the heart and m the large vessels
Such techmques as discussed Jater may provide valuable chncal
mformation  Generally, the levels of systolic and diastohc pressure
m the artenal system can be assessed with sufficient aceuzacy by the
auscultatory techmique This mvolves inflation of a cuff around the
brachsal artery and auscultation over the artery distal to the cuff as
the pressure in the cuff falls When the level of pressure m the cuff
falls lower than the systolic pressure m the artery blood flows
through the artery during systole Swce the vessel 15 stll partully
occluded the blood flow 15 not streamlined but turbulent and hence
nosy Thus the cuff pressure comeident with the appearance of
sound over the arfery is equivalent to the systolic pressure m the
artery When the pressure in the cuff falls lower than that i the
vessel at the end of diastole so that the vessel 15 no longer occluded
at all the flow through the vessel becomes streamlined and silent
The powmt of disappearance or sudden change of sound over the
artery 1s therefore equivalent to the dastolic pressure

Thus 1s the mechanism of production of the Korotkow sounds used
w the chimcal estyimation of the blood pressure If the arm 15 ex
cessively obese some of the pressure mn the cuff may not be frans
mitted to the underlying artery with the result that a falsely high
Tevel of blood pressure 1s measured In such cases a wider cuff may
be used Alternatively arteral puncture and direct registration of
the arterial pressure pulse may be used for accurate measurement of
the blood pressure

OXYGEN UPTAKE AND CARDIAC OUTPUT

Fick Princple
Measurements of pressure and flow in the cardiovascular system
are basic tools for the study of tatory £ The tech

used for these measurements are beyond the scope of this discussion
but an understandmng of the Fick prnciple for measurement of
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much more stroke work for a given degree of stretch than the
nght The stroke volume of the two ventncles 15 identcal, and the
end diastolic pressure 1n the left ventricle 1s only shghtly higher than
that 1n the night Yet the left ventnicle pumps blood aganst a re
sistance some five times greater than that met by the right ventricle
so that its strohe work 1s much greater

Myocardial hypertrophy may alter the relationship between fiber
length and stroke work For example the right ventricle may be
come more like the left 1n pulmonary hypertension The relationship
between strohe work and end diastolic fiber length may also be
altered by drugs or by nervous or humoral stimult During muscular
exercise ventricular work may be greatly increased without measur
able change of end diastolic pressure (Chap 13) These phenomena
have been expressed by Sarnoff as a series of ventnicular function
curves a different Starlng curve bermng described by the ventricle
under different conditions This will be discussed i more detail 1n
Chapter 4

SUBDIVISIONS OF PULMONARY FUNCTION

The end result of pulmonary function 1s to provide circulating
blood with oxygen and to remove carbon dioxide Pulmonary func
tion may be subdivided 1nto (1) ventilation of the alveols (2) dif
fusion of gases across the alveolar walls into the blood and (3)
distribution of blood and gas flows to stmular areas of the lung

VENTILATION AND LUNG VOLUMES
The Alvealar Arr

The lung pump 1s basically different from the heart pump in that air
1s pumped back and forth through one airway into and out of a large
alveolar space While oxygen 1s continually removed from the alveolar
arr by venous blood and carbon dioxide 15 contmually added to the
alveolar arr fresh air rich m oxygen and contaming almost no carbon
dioxide 15 added only mntermuttently to the alveol Thus there 1s a
small cyclical change 1n alveolar gas composition duning the respira
tory cycle During insprration the alveolar gas composition becomes
more bike the composition of mspired air higher m oxygen lower m
carbon dioxide during expiration when gas exchange continues but
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muscle fibers at the begmning of systole As in other muscles, the
force of ventricutar contraction depends, up to a lunst on the degree
to which the muscle 15 stretched A spring behaves m the same
fashion—the more 1t 15 stretched the more powerful is s tendency
to return to the ongmal position Smce the force of ventricular con
traction or strole work 1s the product of stroke volume and the
pressure generated by that heart beat stroke volume is directly related
ta the diastolic length of the myocardial fibers

Many aspects of cardiac function can be understood 1n the hight
of the Starlmg relationsiup It ansures that the stroke outputs of the
two ventricles remain wdentical, despite the fact that the ventricles
are d by cap lar bed> If for example, the right
vemncle began pumping larger quantities of blood than the left, an
mncreased volume of blood would flow into the left ventricle duning
drastole This would cause an merease of the end drastolic volume of
the left ventricle and, hence, a more forceful contraction and 2a 1
crease of stroke volume Reduchion of the output of one ventrcle
would have the reverse effect

The Starhng relationship also explams how a ventricle can
trinsteally adapt to a stress If a hgature 15 tightened around the
aorta, eection of a given amount of blood will require an inerease
of strohe work Durng the heart beat after placement of the occlud
mg band the ventricle will do as much stroke work the product of
stroke volume and pressure as was dictated by its previous end
duastolic size As a sesult stroke volume will be Jess than on the
previous beat This will result 1 an mcrease of the amount of blood
m the ventncle at the begmmng and hence at the end of the next
drastolic peniod, so that on the next beat the ventricle will contract
more forcefully This automatic compensation for varymg work loads
15 plished by an of the diastolic volume of the
ventricle

The relationship between pressure and volume within the ventricle,
ventricular distensibihity 1s not well defined but Jarge mereases of

volume are d with an of p A ventricle work
wg harder than nommal, either b of d to
flow or b of excessive di ds for flow, g iy has an

elevated end diastolic pressure
The relatronship between end-diastolic fiber length and stroke
work 15 vastly different for each veatnicle The left ventsicle does
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Thus the large abveolar volume has the function of bufferng the
cyclieal changes mn alveolar gas composnition which would otherwise
occur, so that there 15 2 relatnely constant composttion of air i the
alveol: The events of a resprratory cycle 1n terms of alveolar gas
composition and volume arc shown schematically in Figure 3

Subdivisions of tung Yolume

The subdivisions of Jung volume 2re shown sn Figure 4 The total
Tung capacity the volume of aur in the Jungs after 2 maximal mspira
tion may be divded wto two components the vital capacity and the
residual volume The vital capacity 15 the total volume of asr that can
be blown out of the lungs with a maxumal expiration after a fult n
spration The resduat volume 15 the amount of arr Teft i the lungs
after a maximal expiration

Lung volumes may also be categorzed on the basts of the normal
respiratory cyele The amount of air left m the lungs after a normal
exp 1s the fi 1 dual cap (FRC) This consists
of air that can be blown out of the lungs by forced expiration the ex
piratory reserve volume and the reswdual volume The nspiratory

A A A 4
VItAL INSPIRATORY INSPIRATORY
CAPACITY CAPACITY RESERVE VOLUME

TIDAL

VOLUME
TOTAL
LUNG

CAPACITY

FUNCTIONAL
RESIDUAL
CAPACITY
RESIDUAL
VOLUME

F3 4 Subdesans o € ng valume Tho 4 § volume may be Sncress d by enc oachment
on sithe  tha laspl atory seserve volume ¢ the expl vlory re erve yolume The sum of
thess th se val max is the vital tapaclty which olong wih the ©  loft in the tung oht ¢
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the alveols are not being diluted with mspied air, the alveotar CO,
mereases and the O; falls Great cychical changes of alveolar gas
composition do not occur because the alveolar gas volume s large
and the volume of gas exchange across the alveols dunng the course
of a breath 15 msuffictent to distort 1t a great deal The volume of
fresh air entering the alveok duning a single breath 15 Itkewnse too
small to effect much change i the composition of the alveolar air
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pressure 1n the alveoh and air flows 1n from the mouth The reverse
occurs during expration

The velocity of amflow 1s inversely proportional to the size of
the arways Just as m the case of blood flow through the vessels
(sec above Poisseulle s Law) the rate of airflow through the airways
1s rapid when the airways are Jarge m diameter slow when the air
ways are small If arflow 15 to be sufficiently rapid to provide
adequate alveolar ventilation the airways must be widely patent By
utilizing the principle that the velocity of anflow 1s directly dependent
upon the pressure gradient along the arrways and mversely pro
portional to the size of the airways the size of the tracheobronchial
tree may be assessed (Chap 2)

Lunc STiFrNEss In addition to developing pressure mn order to
generate auflow along the airways 1he respiratory muscles must also
develop pressure to stretch the lungs The lung compliance 5 a
measure of the distensibility of the lungs It 1s defined as the volume
change produced by 1 cm H O pressure Inflation of the lung requires
an mcrease of the thoracic volume When the lungs are mflated they
tend to pull nward from the chest wall so that the pressure 1n the
potential space between the chest wall and lung (pleural pressure)

falls This can be app 1y d by an esophageal balloon
techmque The mncrease of lung volume divided by the corresponding
fall of pleural pressure equals the lung compl This

provides an objective index of lung stifiness (Chap 2)

Alveolor Ventlatton and Alveolar Gas Composihion

The end result of ventlatory function 15 the mamtenance of normal
alveolar gas composition expressed most conveniently as a partial
pressure of carbon dioxide of about 40 mm Hg and of oxygen of
about 100 mm Hg This 1n turn depends upon two factors (1)
the metabolic rate expressed erther as the volume of carbon dioude
added to the alveol: per minute or as the volume of oxygen taken out
and (2) the volume of air entering and leaving the alveok per minute
the alveolar ventilation These relationships are depicted 1n Figure §
Excessive alveolar ventilation results 1n a low alveolar carbon dioxide
tenston (P, ) and a hugh alveolar oxygen tension (Pay) The re
verse occurs in hypoventilation Increase of the metabolic rate tends to
cause an wmcrease of the alveolar Peo and a decrease of the alveolar
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capacity 1s the amount of air that can be mnspired nto the lung after
a normal exprration, and it 1s made up of the tidal volume, the
volume of a normal inspiration, plus the nspiratory reserve volume
Functionally, the two umportant volumes are the FRC and the
tidal volume The FRC 1s large relative to the tidal volume so that
phasic additions of mspired arr to the FRC have lutle effect on
alveolar gas composttion (see above) The tida] volume 15 the amount
of air that actually goes m and out of the lung Some of this ar,
about one third goes m and out of the air conducting passageways
the anatomical dead space The rest goes wmto the alveol: to provide
them with fresh air to counterbalance the continuous oxygen uptake
and carbon dioxide production This 15 the asr that provides the
alveolar ventilation, the major purpose of ventilatory function

Mechanics of Respiration

The act of ventilation 1s dependent upon (1) the bellows action
of the chest (2) the patency of the airways through which air must
pass to the alveoh and (3) the compliance, or distenstbility, of the
lungs

BELLOWS ACTION OF THE CHEST The bellows action of the chest
mvolves enlargement of the thoracic cage during inspiratton and con
traction dunng expiration Insprration 1s an active process, whereas
expiration 1s largely passive During mspration expansion of the
chest causes the lungs to expand so that air flows mto the alveoh
Contraction of the chest and lungs during expiration causes air 10
flow out of the alveol: The effectiveness of this bellows action dé
pends upon the strength and innervation of the respiratory muscles
mcludmg the diaphragm and upon the movement of the rbs,
turn dependent upon the structural ntegrity of the bones and jonts
of the thorax

PATENCY OF ARRwAyS The flow of awr through the airways 1S
governed by forces similar to those that nfluence the flow of blood
through the vessels The velocity of auwflow 15 directly proportional
to the pressure gradient from the alveolt to the mouth This pressure
gradient 15 posittve during expiation megative during aspiration
It 1s generated by the bellows action of the chest wall When the chest
enlarges, the tntra alveolar pressure falls so that there 1s negative
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150 cc, and if he breathes 10 times per minute, his dead space
ventilation 15 1500 cc per mmute His total ventilation must then
be 5500 ec per minute However, 1if he breathes 20 times a minute,
tus dead space ventilation 1s now 3000 cc per minute and hus total
ventlatory requirement 1s 7000 cc per minute He has to move an
additional 1500 cc of air 1n and out of s dead space when he
doubles hus respiratory rate

At increasing respiratory rates ventiation of the dead space 1n
volves an mereasing percentage of the total ventilation Thus one
may pant 40 tmes a minute and actually suffer from alveolar hypo
ventilation because most of the small tidal volume simply goes in
and out of the dead space

DIFFUSION

The second step 1n pulmonary function 1s the diffusion of oxygen
and carbon dioxide across the alveolar walls Since carbon dioxide
15 more than 20 times as diffusible as oxygen, carbon diouide re
tention from impaired diffusion 1s rarely, of ever a problem On the
other hand hypoxemia may result from impaired diffusion of oxygen
This function will be constdered mn terms of the diffusion of oxygen

Since diffusion 1s a physical process, the amount of oxygen that
diffuses across the alveoli in a unit of time depends upon the pressure
head of oxygen avaiable for diffusion just as the rate of flow of gas
or hqud through tubes depends upon the pressure head of the gas or
liqud The pressure head for diffusion of oxygen 1s the alveolar
oxygen tension which has been discussed above Elevation of the
alveolar oxygen tension causes accelerated diffuston of oxygen 1ato
the alveolar capillaty blood and reduction of the alveolar oxygen
tension causes decrease of the rate of diffusion of oxygen

Diffusing Capacity

The rate of diffusion of oxygen also depends upon the area and
the thinness of the diffusion surface the alveolar-capiliary membrane
The larger and thinner the alveolarcapillary membrane the more
rapid the rate of diffusion of oxygen Thus the diffusing capacity of
the lungs 15 a measure of the effective size and thinness of the
alveolar-capillary surface and 1t 15 defined as the oxygen uptake
per munute (the rate of diffusion) divided by the pressure gradient
for oxygen across the alveoll The normal alveolar capillary mem
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Po, Changes i metabolic rate are generally matched by a cor
sesponding change of the alveolar ventilation, and so the alveolar
gas composition 1s not altered In muscular exercise, for example, 2
marked mcrease mn the metabolie rate 15 accompanied bv a parallel
increase in the alveolar ventdation and the alveolar gas composition
does not change

The I 1 gex mpostind pe dsup nrhey Lo Jninvteof th Iyp lor wilti
Virio ship ta th metab 1] rote
ALt ¥ ol tly CO Pl tolnl s
Ml PO e e Mye1 pen, ShPel teinl e
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Fig § Refatronship between alveslar venlilat on the metabolic rale (expressed os e ther
oxygen uptake or as carhon dioxide product on) and alveolar gas composit en Al eotor
oxygen tanuen (Po,) vaies direclly with alveolar venlilaton and inversely wth oxygen
upluke Alveolar corbon droxide temion (Pco,) vores in ersely with olveclor veahlot on
ond d rectly wth carbon diox de productan

Regulation of the alveolar venulation 15 accomphshed by the
respiratory  center By regulating the rate and depth of total ventia
tion, the resprratory center effects adjustment of the alveolar ventila
tion 50 as to maumtamn a constant alveolar gas composition i the
face of a changmg metabolic rate

Dead Space Venhiahion

The total ventidation conswsts of the alveolar ventilation plus the
amount of atr that goes 1 and out of the tracheobronchial tree the
dead space The dead space ventilation equals the volume of the dead
space tumes the respiratory rate With each breath a certain amount
of mnsprred arr goes 1 and out of the tracheobronchial tree At
faster resprratory rates the dead space ventdation becomes greater 50
that a smaller proportion of the total ventdation gets m and out of
the alveoli and ventlation becomes less effient This can be
sllustrated by an example Suppose that a man requires an aheolar
ventilatron of 4000 c¢ per munute If his dead space has a volume of
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Finally, normal arterial blood gas-composition the end result of
pulmonary function requires that both blood and gas go to similar
areas wn the lung Fach alveolus must receive proportionate amounts
of circulation and of ventlation Areas that are well ventlated re
cenve correspondingly more blood, and poorly ventated abeoh are
poorly perfused The means that the ratso of ventslation to perfusion
1s the same 1n each alveolus

Venniation Perfusion Rotios

The concept of ventilation perfusion rauos may best be under
stood if one the q of d ] per
fusion ratios 0 two parts of the Jung In Figure 7 one lung receives
Jess ventilation than the other but they each recesse the same amount
of blood When ventilation 15 reduced with respect to blood flow
the oxygen consumption and carbon dioide output of the blood
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brane 15 extensive and thin The diffusing capacity 1s so high that oty
gen diffuses across the alveolar capillary membrane so rapidly that the
venous blood entering the alveolar capillary takes up its full quota of
oxygen long before 1t reaches the end of the alveolar capillary Blood
traversing the alveolar capillary attains an oxygen tension equal to
that in the alveolus early mn 1ts course along the capillary whereupon
diffusion ceases (Fig 64) When the diffusing capacity 1s reduced
(Fig 6B), oxygen diffuses much more slowly with the result that the
blood never becomes fully saturated with oxygen Diffuston continues
as the blood traverses the entire length of the alveolar capillary, and
yet the oxygen tension of the blood leaving the alveolus 15 Jower than
the alveolar oxygen tension The normal diffusing capacity 1s so large
that even when the oxygen uptake 1s increased tenfold as m heavy
muscular exercise the blood still leaves the alveolar capillames at
an oxygen tension practically indentcal to that in the alveolt

i3
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Pag,* Foo,
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Finally normal arternal blood gas-composition the end result of
pulmonary function requires that both blood and gas go to sumlar
areas 1 the lung Each alveolus must recenve proportionate amounts
of circulation and of ventilation Areas that are well ventilated re
cewve correspondingly more blood, and poorly ventilated alveol: are
poorly perfused This means that the ratio of ventilation to perfusion
15 the same 1n each alveolus

Ventlahon Perfusion Ratios

The concept of ventitation perfusion ratios may best be under
stood if one examines the consequences of different ventilation per
fuston ratios 1n two parts of the lung In Figure 7 one lung recerves
less ventilation than the other but they each recerve the same amount
of blood When ventilation 15 reduced with respect to blood flow
the oxygen consumption and carbon dioxide output of the blood
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are not matched by enough alveolar ventilation The alveolar oxygen
tenston falls and the Peo, rises The reverse occurs when the ventila
tion 15 greater than the blood flow Since the ventidation perfusion
ratio 1s relatively low 1 the right Jung its carbon dioxide tension
1s elevated and the oxygen tension 1s reduced The opposite 15 the
case 1n the left lung The oxygen saturation of the blood leaving each
lung 1s determmed by the alveolar oxygen tension and by the oxygen
dissocration curve The lower alveolar oxygen tension m the right
lung causes the oxygen saturation of its blood to be reduced There
15 no corresponding elevation of the oxygen saturation of the blood
leaving the left Jung, since the oxygen dissocration curve 15 such that
elevation of the alveolar oxygen tension above 100 mm Hg causes
Intle ancrease of the oxygen saturation of the blood As a result, the
average arterral oxygen saturation (S2,) of the muxture of blood
from the two lungs 1s reduced to 91 per cent Carbon dioxide retention
defined as an artertal Poo which 1s higher than the average alveolar
Peo , 15 also present

In the normal lung there 15 undoubtedly some regional variation
of ventilation Some alveol get more arr than others Hypcxemza and
carbon dioxide retention are pr d by comp oty ad)
of blood flow so as to mamtam a normal ventilatton perfuston ratio
In areas it which ventilation 15 poor, perfusion 1s reduced whereas
well ventilated alveolr recewve a great deal of blood Thus adjustment
may be mechanical n that the capilares limng well ventilated
alveol: may be opened and closed by mnflation and deflation and thus
pump a great deal of blood The capillanies Imng collapsed alveol
may also be collapsed so that there 15 no perfusion m these non
ventilated areas In additton hypoventilation causes reduction of the
alveolar oxygen tension This may cause Iocal vasoconstriction, thus
reducing perfusion and restoring the ventilation perfusion ratio to
ward norma)

Intrapuimonary Distnbution of Inspired Awr

Normally, mspired air 1s distributed farly evenly throughout the
entire Jung As 2 result, if one breathes pure oxygen, the mitrogen
m the lungs 15 washed out faxrly rapidly After 7 mmutes the amr in
the lungs contains less than 2 per cent mtrogen If 1nspired air 15
distributed poorly throughout the lungs the washout of nitrogen
from hypoventiated areas 1s greatly delayed Nitrogen washout curves
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provide one method for testing the ntrapulmonary distribution of 11
spired air

Lung mxing may also be tested by the continuous measurement
of the expired carbon dioxide concentration duning a single ex
piration The first portion of the expiration consists of dead space
arr 1n which the CO; concentration 1s nearly zero This 15 followed
by a nse of CO. concentration, as the dead space 1s flushed out, to
a plateau of about 6 per cent All the air 15 now coming from the
alveoh and the alveolar carbon dioude concentration remaimns
constant If the lung 1s ventilated unevenly there will never be a
plateau on the CO: exprrogram The concentration of carbon dioxide
will ise continuously as asr 1s forced out of the poorly ventlated
areas which contain higher concentrations of carbon dioxide As
exprration continues the emptymng alveoll are more and more those
that received the least ventilation, and so the CO; content of the
expiration rises to hugher and gher levels
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CHAPTER 2

EVALUATION OF STRUCTURE BY
PHYSIOLOGICAL TECHNIQUES

One aim of physiological study of the cardiorespiratory
system 1s to obtain nformation about the structure of the system
Knowledge of structural abnormality 1s 2 cornerstone to the evalua
tion of many patients but 1t 1s also necessary to decide what bearing
structural abnormalty has on a patients signs symptoms and
prognosis This may be difficult For example 1t 15 frequently hard
to determune whether or not valvular stenosis of a known degree
represents such a threat mmmediate or future to a patients existence
that 1ts surgical correction should be attempted

This chapter sets forth some of the areas in which physiological
mvestigation provides delineation and quantitation of abnormalities
of structure Such assessment 1s only a part of the evaluation of a
patient It behooves the physician to evaluate and to treat in the
Iight of symptoms and known facts about the natural history of
disease rather than solely on the basis of the extent of a given ab
normality

OBSTRUCTION TO THE CIRCULATION

Structural narrowing of the circulatory system may occur at one
of the four heart valves in the pulmonary arterioles 1n the systemic
arterioles or m a single blood vessel The natural history and symp
toms of disease at each site are vastly different but quantitative
assessment  of the degree of obstruction at any site 1s based on the
same principle—that the degree of obstruction 13 proportional to the
pressure drop across the area (pressure gradsent) dwvided by the
blood flow As pointed out in Chapter I (Posseulles Law) the
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magnitude of the pressure gradient (the mean pressure proxumal to
the obstruction mimnus the mean pressure distal to the obstruction)
vanes directly wath the degree of obstruction The pressure gradent
also varies directly with the magnitude of the blood flow Thus
accurate assessment of the degree of circulatory obstruction requires
measurement of the pressure on each side of the obstruction and of
the amount of blood flow through it In some instances, a value may
be assumed for the distal pressure without mtroducing too much
maccuracy Each of the four sites of structural narrowing will now
be constdered separately

Trncuspid Stenosis

The least frequently encountered of the valvular stenoses this
leston 15 readily assessed by night heart cathetenization Quantitation
of valve area requires simultaneous measurement of right atral 2nd
night ventricular pressures and cardiac output Valve area 1s esumated
by dividing the mean flow rate during diastole by the mean pressure
gradient 1 diastole (during which all the flow occurs) (Fig 8) When
tricuspid stenosts 1s myd the pressure gradient across the valve may
be so small as to escape detection when the blood flow 1s normal
When the cardiac output 1s mcreased by muscular exercise, a larger
measurable gradient may develop, and then the valve area may be
calculated Thus 1t may be necessary to study the patient during
exercise 1n order to detect and measure the valve area accurately

Pulmomic Stenosts

Evaluation of pul g of the
pressure gradwent across the pulmonic valve during systole, smce
blood flows across this valve only during the penod of ventricular
ejection (Fig 8) Valve area 1s assessed by dividing the mean systolic
flow rate by the pressure gradient Since pulmonic stenosis 15 generally
sufficienly severe to Tesult 1n a pressure gradient at low levels of blood
flow exercise measurements are rarely required for assessment of this
lesion

‘The high level of pulmonary artery flow present in some patients
with a left to-right shunt due to an atral or ventricular septal defect
may cause a measurable p gradient 1 the at of severe
stenosts This emphasizes the need for knowledge of the rate of
blood flow through the valve if one 1s to snterpret a pressure gradient
correctly and to calculate valve area
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1t 15 of some 1mportance to the surgeon to know whether pulmomc
stenosts 1s of the valvular or mfundibular type Angiocardiographic
studies may provide this mformation by actually outlming the area
of narrowing One may also obtamn data by measurement of the
pressure at the end of the cardiac catheter as it 15 observed to pass
from the pulmonary artery to the mght ventricle If the pressure
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Smlar g odients de elop in the left heort In aorhic and
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changes abruptly as the catheter 1s drawn backward a short distance
m the neighborhood of the pulmonic valve valvular stenosis 1s
probably present A gradual rise of pressure or a region of moderate
elevation of systolic pressure as the catheter passes from the area
of the pulmonary valve into the nght ventricle suggests the presence
of infundibular stenosis A small infundibular stenosss particularly 1f

located high m the ventricular outflow tract may easily be mistaken
for valvular stenosis

Mitral Stenosis

Evaluation of mutral stenosis requires measurements of the drastolic
pressure 1n the left atnum and left ventnele and of the cardiac output
Mitral valve area 1s d by dividing the d lic flow rate by the
pressure gradient The left atrium may be entered by needle puncture
through the back or through the anterior chest wall through a bron
choscope or recently through the atnal septum from a catheter in




28 Chnical Apphications of Cardiopulmonary Phvsiology

the right atnium A catheter may then be threaded through the needle
into the left ventricle, or the left ventrcle may be punctured directly
through the anterior chest wall

Another approach to the evaluation of left atrial pressure i
afforded by the “wedge pressure Thus 1s obtaned by wedging 2
cardiac catheter inserted into the pulmonary artery by the con
ventional technique, mto a distal branch of the pulmonary artery
Under these circumstances no blood flows by the catheter, and the
pressure measured at the tip reflects the pressure in the pulmonary
capillartes presumably the next vascular bed through which blood
1s flowing downstream from the wedged catheter Unfortunately the
valdity of this measurement as an mdex of left atnal pressure 1
open to some question and i order to calculate the mutral valve arez
one must subtract an assumed value for left ventricular end dastolic
pressure Although the level of wedge pressure may be a useful re
fection of left atrial pressure calculation of mutral valve area from
this measurement 1s of dubsous accuracy

Aortic Stenosis

Assessment of aortic stenosis involves measurement of the Jeft
ventricular systolic pressure and of the systolic pressure i any periph
eral arery <nce the pressure mn the aorta 1s not sigmficantly
different from that mn 1ts peripheral branches Valve area ss estimated
by dividing the systohic flow rate by the pressure gradient Left ven
tncular pressure may be measured by direct puncture of the ventricle
or by passage of a small catheter throngh a needle 1n the left atnum
As in pulmonse stenosss, exercise studies are masely required for ac
curate evaluation of thus lesion since climcally sigmificant aortic ste
nosis 1s almost always assocrated with a measurable systolic pressure
gradient across the aortic valve even if the cardiac output 1s reduced

lncreased Pulmenary Vescular Resustance

‘The major resistance to the flow of blood through the Jungs 15 10
the pulmonary artertoles The size of the pulmonary artertolar bed 15
reflected 1n the magnitude of the pressure i the pulmonary artery
the smaller the bed the higher the pressure Accurate assessment of
pul y arteriolar r requires ) t of
the pressure distal to the pulmonary arterioles the pulmonary capillary
pressure the pressure proumal to the arterioles the pulmonary artery
pressure, and blood flow The last two measurements are relatively
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simple to obtam and the pulmonary capillary pressure may be meas
ured erther from the left atnal pressure at left heart catheterization or
from the wedge pressure

Since the pulmonary capillary pressure rarely rises above 30 mm
Hg severe pulmonary hypertension may be ascribed to increased
pulmonary arteriolar resistance Thus measurement of the pulmonary
artery pressure alone provides a rough guide to the flow capacity of
the system Severe pulmonary hypertension imphes a restricted pul
monary vascular bed As 1s the case with valvular obstruction the
pressure also depends upon the magmitude of the blood flow Moderate
degrees of pulmonary vascular narrowmg may be associated with a
normal resting pressure 1n the pulmonary artery but may be revealed
by abnormal elevation of the pressure wn the pulmonary artery during
muscular exercise A normal pulmonary artery pressure during exer
cise indicates that the pulmonary vascular bed 1s not restricted

I d &

Y Vascular R

Quantitation of sy vascular requires
measurement of blood flow mean artenial pressure and mean night
atrial pressure A value for the latter 15 usually assumed Accurate
measurement of mean arterial pressure requires an arterial puncture
but a value equal to one third the pulse pressure plus the drastolic
pressure 1s frequently used Since the mean artenal pressure 1s much
higher than the mean capillary pressure an erroneous assumption of
a value for the right atnal pressure has little effect on the calculated
vascular resistance

Although systemic hypertension 1s generally the result of increased
penpheral (arteriolar) resistance the level of blood pressure 15 also
dependent upon the magmitude of the systemic blood flow It may be
affected by an imcrease or decrease of cardiac output Many drugs
reduce the blood pressure by dimimishing the cardiac output and tius
may not be a desirable therapeutic effect Accurate assessment of the
pharmacologic effects of antihypertensive agents requires measure
ment of the cardiac output as well as of the mean arterial pressure

VALVULAR [NSUFFICIENCY

Although abnormal pressure tracmgs may suggest the presence of
valvular ffi and evaluation of lesions of
this type depend upon the m]ectxon of a foreign substance nto the
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cardiac chamber or vessel distal to the lesion and recovery of that
substance from the proximal cardiac chamber mn the ensuing few
heart beats Thus, tricuspid msufficiency 1s suggested by a nse of the
pressure 1n the mght atum dumng ventricular systole It may be
diagnosed with assurance only if dye myected into the nght ventricle
15 recovered from the atrium during the next few heart beats Angto
cardiographic study, with mjection of the contrast medium into the
right ventricle, also delineates this lesion The same apphies to lestons
of the mitral valve and the relationship of mutral msufficiency to the
left atnal pressure The contour of the latter, or of the pulmonary
wedge tracing may suggest the diagnosis of mutral msufficrency but
more elaborate study 1s necessary for accurate evaluation In the case
of aortic and pulmonic insufficiency, a wide pulse pressure 1n the
aorta or pulmonary artery 1s suggestive of the diagnosis, but recovery
of dye or contrast material from the left or right ventricle after injec
tion 1nto the aorta or pulmonary artery 1s necessary for defimtive
dagnosis Since pulmonic insufficiency 1 generally a result of pro
longed pulmonary hypertension, a normal pressure mn the pulmonary
artery tends to exclude this dragnosis

Dye Dilution Curves

Dye dilution curves are becoming increasingly useful mn the evalua
tion of abnormalities of the circulation Such curves are obtamed by
myectg a bolus of dye mto the circulation at a known site and
analyzing the blood at some distal point for 1ts concentration of the
matenal mjected (Fig 9) As mentioned above precise delmeation
of many Iestons 1s afforded by mnjection 1nto one cardiac chamber
and sampling from another Useful mformation 1s also provided by
tjection into various chambers and samphng from the arteral system
When dye 1s mjected mnto the right atrium 1t appears 1n the artenal
system 1 about 8 seconds (Fig 9 3) The concentration of dye
rapdly rises to a peak (Fig 9 <) and then gradually falls About
20 seconds after wjection more dye reaches the sampling needle after
completing one circulation and the concentration rises agamn (Fig
935

Tl?;ese curves are particularly helpful 1n the evaluation of nght to
left shunts but abnormal curves are also obtamned from wdividuals
with a large degree of valvular msufficiency Dye 1njected into the
chamber just downstream from the wnsufficient valve or into any
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chamber upstream appears at the pomnt of sampling 10 2 normal
time or somewhat early Bout some dye goes backward with regurgitated
blood at each heart beat Because of this, the peak concentration of
dye 15 low and delayed The disappearance curve 1s Itkewise delayed
and the recireulating dye may not cause a detectable second peak

t 2 3 4 S
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R-L SHUNT
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fig ¥ Schematic Dustrotlon of dye 6 1uh on turves oblain &
in normal sublects gnd In polents wih temiral shunts or
val ular lasuf dency I Hight 10 feft {R+L) shunts some of the
dyn Inectsd o} {1} oppeon ey of the tampling nte {7
Yhe rest opproring normally of {3l Pesk concentation b
tesched at {4 tollowsd by diappeorants of the dys and
then reciraulaton wt {5) In o) to-lght (LR} shunls the
& soppeorancs curve 1y interruptod eorly by the 1 cireulat ng dyo
ond in volvoior (nwfficlency the disppeara ce podtion (43}
1s greatly defay d snd dass not show the na mal  culat on
peck {8}

The degree of abnormabty of the curve reflects the seventy of the
valvular insufficiency

I mjections are made at wultiple sites dye curves may also be
used to determme which valve 15 msuffictent Only when the dye 15
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actually regurgitated does an abnormal curve result If mjection 15
made mto a chamber beyond that containing an nsufficient valve the
curve 1s normal The most proximal chamber mto which mjection
results 1 a normal curve 1s just distal to the chamber contanmg an
msufficient valve Thus, in mitral nsufficiency an abnormal curve 15
usually obtamned when dye 1s jected into the left ventricle and all
chambers back of 1t and a normal curve 1s seen after mjection 1to
the aorta In aortic nsufficiency dye injected into all of the cardiac
chambers produces an abnormal curve

SHUNTS

Blood may flow 1n either direction through a shunt The direction
depends on the pressure on either side Thus, when pulmonary hyper
tenston develops the usual left to right shunt through a patent ductus
arteriosus becomes brdirectional and then entirely from nght to left
when the pulmonary pressure exceeds the aortic pressure Increased
pulmonary blood flow from any type of central shunt may lead to
pulmonary hypertension with eventually, reversal of the direction of
flow

An intracardiac communication may be detected by direct passage
of a cardiac catheter through 1t When ths cannot be done the diag
nostic technique selected for localization of the opening depends upon
the drrection of the blood flow through 1t

INTRACARDIAC LEFT TO RIGHT SHUNTS

Oxygen Step up

Left to night shunts are diagnosed and quantitated by measurement
at cardiac cathetenization of the oxygen content of the blood in the
chambers of the right heart and pulmonary artery Normally the
oxygen saturation 1s the same 1n the blood 1n the night atnum nght
ventricle and pulmonary artery A left to night shunt mixes oxygen
ated blood with the venous blood n the affected chamber Blood 1n
this chamber and n the chambers beyond contams more oxygen
than does the mixed venous blood A sudden increase (step up) of
the oxygen saturation indicates a left to right shunt at that site In
addition to localizing the site of a left to nght shunt this techmique
provides information about 1ts size the larger the shunt the greater
the step up The amount of blood which flows through the shunt may
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be calculated from knowledge of the oxygen content of the blood on
each side of the shunt and in the mixed stream distal to it

The diagnosis of left to nght shunts by this technique 1s subject
to two particular errors regarding proper localization of the site of
the defect In the first place oxygenated blood may flow mn a stream
through the involved chamber so that the oxygen saturation of the
blood 1n that chamber 1s not elevated In such a case the step up may
appear 1n the next chamber For example an atrial defect may be
mistakenly diagnosed as a ventricular defect or more commonly a
ligh ventricular defect mistakenly may be thought to be a patent
ductus arteriosus In the second place patients with a ventricular
defect a large nght ventricle and functional tricuspid insufficiency
or with patent ductus arteriosus pulmonary hypertension and pulmo
nary msufficiency may reveal a step up of oxygen saturation in the
chamber of the heart proximal to that into which the shunt empties
This 1s due to regurgitation of oxygenated blood through the insuf
ficent valve Both of these errors may be mmmmzed if multiple
samples of blood are analyzed for their oxygen content at the time of
cardiac catherization

Dye Dilution Curves

Left to night shunts have in common the production of an ab
normal dye dilution curve that 1s not dragnostic as to site but which
suggests the presence of a shunt Such a curve 1s characterized by the
appearance of dye i the systemic circulation m a normal time inter
val or earhier after intravenous injection but because some of the
mjected dye recirculates rapidly back through the shunt the peak
concentration 1s reduced and the recirculated dye appears early on
the disappearance curve (Fig 9) Dye dilution techniques may also
be used to detect and localize left to right shunts if dye 15 mjected
into one area of the circulatron and sampled from another This may
be done either by mntroducing a double lumen catheter nto the nght
side of the heart or by ntroducing two or more catheters to dif
ferent cardiac chambers The techmque mvolves myection of dye nto
the distal chamber and sampling from the proumal one Normally
about 15 seconds are required for the dye to circulate through the
lungs left side of the heart systemic vascular bed and back to the
night side of the heart In the presence of a left to night shunt some
of the dye gets back to the night side of the heart much more rapidly
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Appearance of dye 1 the nght side of the heart before 1t appears
a systemic artery mdicates the presence of a left to right shunt if
there 1s no msufficiency of the valve separating the injection from the
sampling sites In such a case, dye should appear mn the proumal
chamber immediately after mjectron mto the distal one By mjecting
mto and samphng from several areas, one can ascertam the site of
the shunt

An alternative techmique mnvolves mhalation of a foreign gas such
as mtrous oxide or radioactive 10dine, followed by measurement of
the concentration of the gas m the blood sampled from either the
night atrjum or the right ventricle and from a systemic artery This
techmque 15 sumilar m prnciple to the dye techmique but mstead of
mjecting dye mto the carditac chamber distal to the sampling site
gas 1s mtroduced mto the lung capilaries by mhalation Appearance
of the gas mn a chamber on the right side of the heart sooner than its
appearance in the arterial system ndicates a left to right shunt at or
proximal to that chamber Sampling from several chambers permits
localization of the site of the shunt the most prowmal chamber
showing early appearance of the gas being the one into which the
shunt empties This techmque has the advantage of requirmg passage
of only one single lumen catheter mto the heart but the mstrumen
tation 15 a bit more complicated than that employed for dye studies

INTRACARDIAC RIGHT TO LEFT SHUNTS
Systemic Hypoxemia

These lesions cannot be detected by analysis of the oxygen content
of the blood i the night side of the heart Since the shunt 1s from
night to left the composition of the venous blood 1s the same 1n all
the chambers of the nght heart On the other hand, some of the
venous blood mixes with oxygenated blood returning to the Icft heart
from the lung and thus the artenal axygen satucatian 1s reduced The
degree of systemic hypoxenna 15 a direct reflection of the size of the
shunt

Dye Dilution Curves

A precise method for locahzmg these shunts 1s provided by dye
didution cunves Dye mjected mto the ch g the shunt,
or mto an area of the circulation proxmal to it wall appcar abnorm
ally soon in the systemic crenlation (Fig 9) This early appearance
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1s a result of “short circuiting” of some dye from the night to the left
side of the heart The magnitude of the early deflection 15 proportional
to the size of the shunt Dye injected into chambers of the heart
distal to the shunt appears within a normal period providing locall
zation of the ongin of the shunt

PULMONARY AND SYSTEMIC ARTERIOVENOUS FISTULAS

Physiological techmiques contribute little to the localizatton of
penpheral communications between the two sides of the circulation
However, measurements can be made which have beanng on the size
of the shunt through the fistula In pulmonary arteriovenous fistulas
the degree of hypotemia 15 directly proportional to the size of the
night to-left shunt and 1n systemic arteniovenous fistulas (Chap 5)
the magmtude of the shunt 15 reflected 1 the level of the cardiac
output-—the more the flow through the fistula the higher the cardiac
output Locahzanon of these lesions 15 generally made by physical
and roent| g 1on though special techniques such
as angtography may be necessary n the case of pulmonary arteno-
venous fistulas

OBSTRUCTION OF AIRWAYS

Obstruction of the awrways leading from the mouth to the alveolr
15 assessed 1n the same way as obstruction to the circulatory pathway
To calculate resistance to airflow a measure of the size of the arrways
1t 15 necessary to measure the pressure at the end of the airways the
alveoh the pressure at the beginning of the arrways the mouth and
the velocity of awflow through the airways Awrway resistance 1s
caleulated by dividing the pressure gradient from mouth to alveoli by
the velocity of airflow The pressure gradient 1s most easily obtawed
by taking the mouth pressure as zero and by using the easily measured
intraesophageal pressure as a reflection of the mtra alveolar Ppressure
The rate of airflow 15 dwithap 2,

Most 1ndividuals with narrowing of the au'way reveal marked
slowmng of the rate of auflow from the lungs dunng expiration Thus
even if one does not measure the mtraesophageal pressure one may
deduce the presence or absence of awway obstruction by simply
measuring the speed with which air 15 exprred This 15 easily done
from a spirographic tracing which 1s a graphuc record of the rate of
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auflow from the lung during a forced expiration An mdex of arway
caliber may be derned from this tracing m varous ways Conven
tional indexes are the ratios of the volume of air exprred mn 1, 2, and
3 seconds to the total volume, or vital capacity Normal values exceed
70 85 and 97 per cent respectively An alternative method mvolves
calculation of the rate of auflow during an arbitrary portion of the
expirogram A conventent and reproducible measurement of this type
15 the maxtmal mud expiratory flow rate (M M F ) which 1s the veloc
1ty of aicflow i the muddle half of a maxmal expsration This may be
eastly calculated from the spirogram normal values exceeding 30
hters per second

LUNG ST(FFNESS

The physical characteristics of any d ble structure
the lungs may be defined by measurement of the volume and of the
pressure distending that structure at different levels of nflation If
the relationship between pressure and volume 1s linear the compliance

T

(volume/p ) may be calculated The compliance 15 the degree
to which the structure 1s distended by an increase of pressure
Lung compl may be computed by measurement of the mtra

pulmonary pressure at various lung volumes Intraesophageal pres
sure may be used as a measure of mtrapulmonary pressure wnd jung
volurge 15 measured by spirometry
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CHAPTER 3

CONGENITAL HEART DISEASE

Phystological techniques for localization and quantitation
of congenital structural anomalies of the heart were discussed 1
Chapter 2 In thus chapter, the physiological consequences of left to-
right and night to feft shunts wilf be considered followed by a discus
ston of some specific congemtal abnormabiies The sahient chiwal
features of each lesion will be mentioned and some physiological
aspects of the diagnosis natural hustory and treatment will be
discussed

LEFT-TO RIGHT SHUNTS
Flow load on Yentrcles

Isolated commumcations between the left and nght hearts a1e
usually associated with left to right shunts The major effect of such
a shunt 1s an mcreased flow load on oge ventricle which must pump
the shunt flow 1 addition to the normal venous return Fagure 10
shows which ventricle bears the brunt of the load m the three com
mon lestons In atrral defects the shunted blood flows from the left to
the nght atnum and 15 pumped forward by the nght ventricle It
returns to the left atrium and back to the mght heart through the
defect without ever bemng pumped by the left ventricle and so the
flow load 15 borne entirely by the night ventncle In ventricular septal
defect and 1n patent ductus arteriosus the left ventricle pumps the
shunt flow mto the pulmonary artery The shunted blood retums to
the left atrum and 1s pumped around agan through the Jungs without
ever bemng pumped by the nght venincle and thus all of the extra
toad 15 borne by the left ventricle This explatns why right ventncular
hypertrophy develops 1 atmal septal defect whereas left ventnenlar
hypertrophy 15 usually present in the other lesions

38
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Decreased Systemic Flow and Pulmonary Vascular Changes

In all three anomalies, excessive quantities of blood are pumped

round and round through the Jungs In addition to the extra flow load

mposed on one vemncle, there may be accompanymng decreased

flow and p ges Decreased systemic

ﬂow 15 particularly apt to be present 1n atrial septal defects because

—
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Fg 10 Sh matc llustroton of wheh v el bears the bt of incr  d flow in the
Yh ee types of Intraca d ac | ft to right shunl | arial s pt | defect th blood s sh ted
fom the left 1o the rght heart b fore I has hesn p mped by the left v fucle it is
Pumped fo the 1u g by the right ventride which bea s the load of the extra Row In ventr
cvlar def t and In p tent d <l 5 arte © vs the | t vent cle pumps the shunt Row d

aily
tothe I gsa d thus bears the load

so much of the venous return to the left side of the heart passes over
to the right side of the heart wstead of being pumped into the aorta
This may lead to faulty growth and development

Excessive pulmonary blood flow may lead to pulmonary vascular
changes with eventually pulmonary hypertension (see p 46)
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RIGHT-TO LEFT SHUNTS

Normally, the pressure 1n the corresponding chamber of the nght
side of the heart 1s lower than that 1n the left so that flow 1s from the
left to the night when there 1s a communication between the two sides
However, pulmonic stenosis, tricuspid stenoss, or ncreased pulmo
nary vascular resistance can cause elevation of the pressure n the
night side of the heart so that the flow 1s from right to left If the shunt
15 Jarge, cyanos:s results (Chap 11)

Flow Load on Ventnicles

The effect of the right to left shunt on the heart 15 dependent upon
the site of the shunt In Figure 11, a nght to left shunt through a

AORTA 10 L /mmn «——\

PULMONARY ARTERY ’ 5 L /mn

‘ PDA 5L /nn l

——

RIGHT LEFT
VENTRICLE VENTRICLE
! !
RIGHT LEFT

M ATRIUM

&

Fg 11 Schemonc M stralon of whch ve trcle beas the brust of increcsed fow In
vano s types of nght 1o teft sh nt tn atr af detect ({ASD ) the shunted blood is p mped
to the corta by Ithe lefl  nircle whereas n e t colar def ¢t {IVSD) and in patent
d ctus anterosus (PDA) the lood 15 borne by the nght entr cle

patent ductus arteriosus has been outlined and potential ventricular
and atnal septal defects have also been shown In the case of the
patent ductus arteriosus with reversed flow the nght to left shunt
consists of blood pumped from the night ventricle to the aorta The
blood flow 1nto and out of the nght ventricle 1s excessnve whereas the
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left ventricular output 1s normal In this case the load 1s entirely upon
the nght ventnicle A similar situation exists mn a right to left shunt
due to ventricular septal defect m which case the shunt flow 15
pumped by the right ventricle through the left ventricle into the aorta
In the case of an atnal defect the flow load 1s on the left ventricle
since the right to left shunt occurs before the blood has been pumped
by the right ventricle

Systemic Hypoxia

In patients with a night to left shunt the oxygen supply to the tissues
may be curtatled Thas 15 the result of the associated lesion responsible
for the night to left direction of the shunt and 1s not due to the pres
ence of the shunt itself In essence the amount of oxygen pumped to
the tissues equals the amount of oxygen pumped from the lung into
the aorta by the left ventricle If pulmonary blood flow 1s normal
tissue oxygen supply 1s normal A night to left shunt causes additional
unozygenated blood to flow to the tissues This leads to reduction of
the arterial oxygen saturation But the total systemic blood flow 15
mcreased so that tissue hypoxia is not present

Usually however a nght to left shunt develops because of factors
that also tend to reduce pulmonary blood flow and hence artenal
hypoxemia 1s not associated with an adequate increase of total blood
flow As a result the amount of oxygen brought to the tissues 1s re
duced The first compensation for this i1s extraction of increased
amounts of oxygen from the blood flowing through the tissues result
mg 1n a decrease of the venous oxygen saturation The lower limit to
which the resting venous oxygen tension can be reduced 1s about 30
mm Hg so that when the venous oxygen saturation falls to about 60
per cent the tissues are extracting a nearly mawumal amount of
oxygen from the blood

Polycythemia

At this pomnt 2 second compensation appears increase of the
circulating red blood cell mass This polycythemia ncreases the
amount of oxygen that 1s carned by each volume of blood and so
the amount of oxygen brought to the tissues by each umit of blood 15
mcreased

The management of the polycythemia associated with cyanotic
congenital heart disease 15 a difficult problem The increased red cell
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volume 15 apparently a result of shmulation of the bone marrow 2
direct or indyrect result of hypoxemia, and results mn an mcreased
otygen carrying power of the blood. This 1s desirable, from the stand
pomnt of tissue oxygenation, since a given umt of blood can camy
almost twice as much osygen when the hematocnt is 80 as 1t does at
a hematocnit of 40 On the other hand, undeswable consequences
result from the wncreased viscosity of the blood, which impedes tue
ulation through the capillary networhs This 1s particularly true in the
tungs m which the vascular resistance 1s ugh, since the Joad on the
right ventricle 1s sncreased and the night to left shunt 15 accentuated
Although definitive principles have not been evolved for the manage
ment of this secondary polycythemia, one approach 1s to study eah
patient mn terms of artenal oxygen saturation ntracardiac pres
sures and blood flows 1 order to determue the level of hemoglobin
concentration at which cardiopulmonary function 1 optimum and
then to mamtain that level by phlebotomy In the absence of such
detailed studies, observations of the chincal course and of the arterna!
oxygen saturation may be adequate gides to therapy

INDIVIDUAL LESIONS

PULMONIC STENOSIS
Hemodynamic Abnormality

This lesion charactenized by a murmur and tholl over the pulmo
nary valve, distant or absent pulmome second sound (P2), and
often poststenotic ddation of the pul y artery 15 ble to
surgscal correction without resort to open heart surgery Although the
lesion 15 not mcompatible with a normal life span, symptoms of nght
heart faslure generally appear before patients seach the age of 50
Rught heart fadure results from the fact that the nasrow pulmonary
valve mposes a strain on the nght ventncle Since st 15 important ©@
prevent tins comphcation, and since symptoms often do not appear
until relatrvely late mn Ife an index of vahe size 1s one factor which
determunes whether or not surgery s indicated As pomnted out 1
Chapter 2 valve size 15 reflected wn the magmtude of the pressure
gradient across the pulmonte valve which, 1a turn 15 reflected m the
height of the systolic pressure n the night ventricle In many clncs
a nght ventricular systolic pressure over 75 mm Hg 15 considered
sufficient mndication for surgical ntervention Other indications
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clude nght ventncular enlargement, evident on X ray or from electro
cardiographic changes and symptoms of night ventricular fadure

Surgical Treatment

Surgical repair of pul may be plished by dilat
ing the valve from below, through the ventncle, or by opemng the
pul y artery for visualization and mncision of the valve under

direct vision Preoperative and postoperative catheterization studies
have shown that the latter 15 the method of choice and that pulmomc
valvulotomy under direct vision 15 often followed by abolition of the
pressure gradsent across the pulmonary valve whereas the other pro
cedure does not yield this favorable result

Infundibular Stenosis

The mfundibular form of pul stenosts 15 more difficult to
reparr surgrcally than 1s valvular stenosis and the distinction between
the two types should be made preoperatively if possible The pulmo
nic second sound (P2) 1s more apt to be present in infundibular
stenosts and poststenotic dilatation of the pulmonary artery may be
absent This leston 1s almost always associated with a ventnicular
septal defect Valvular stenosis may be accompanied by a diagnostic
snapping sound early In systole possibly due to the jetlike ejection of
blood mto the pulmonary artery through the stenotic valve Catheter
1zation and angrographic studies may help to define the nature of the
lesion (Chap 2)

Valvular stenosis may be accompanted by some hypertrophy of the
mfundibulum which may regress slowly after surgical correction of
the valvular lesion It 1s usually not necessary to correct this i
fundibular stenosis at the time of pulmonary valvulotomy Postopera
tive studies have revealed that the pressure gradient between the nght
ventricle and the pulmonary artery may not entrely disappear 1m
medsately after pulmonary valvulotomy but that 1t may gradually
disappear during the ensuing months

Patent Foramen Ovale

Another accomp of pul stenosis 1s a patent
foramen ovale This opening probe patent m 25 per cent of normal
mdviduals may develop when night atnial hypertension the result of
Imcreased intraventricular pressure forces open the membranous flap
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overlying the foramen ovale The anatomical location of this mem
brane 15 such that 1t permuts flow from the right to the left atewm but
not from the left to the mght atrum This results 1 a nght to left
shunt across the atria]l septum with occastonal cyanosis Since this

Fig 12 Intracard oc pressores oxygen saturatens and dye curves obloined from
the chambers of the nght side of the heort In o potient with pulmonie stenosis and
atrial septal defect Note (1) th hgh systolc pessue (43 mm Hg) in the right
ventride ond the low press e (10/5 mm Hg) n the p Imonary otey beyond the
stenotic p Imo ¢ valve; (2) the double peoked dye curve f om the r ght af ivm and
the normal ¢ rve from the ght t de dag ostc @ @ rghtte left shuat at the
atral le el and {3} the simlar o ¥g n sat raton (56 to 58 per co 1) in oft of the
chombers of The rght s de of the heart ¢ 1 d g alllo ght sh nt The red ced
aort ¢ (arlerial) oxygen s t aton 91 prc t 1 d e fo the right to left shunt

defect may remain open after relief of the pulmonary stenosis 1t 15
best repared at the time of surgery for the pulmonic stenosis and its
presence should be ascertamed preoperatively by physological study
Figure 12 15 an example of the physmiological abnormalities en
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countered 1n a patient with pulmonic stenosis and patent foramen
ovale

As mentioned 1 Chapter 2 atnal defects with a large left to right
shunt may be associated with a pressure gradient across a relatively
normal pulmonary valve or may lead to hypertrophy of the muscle
1 the right ventricular outflow tract resulting 1 mfundibular steno
sis This type of atrial defect must be distinguished from a patent
foramen ovale complicating pulmonic stenosts Since the significant
atral shunt associated with severe pulmonic stenosis 1s from night to
left a patient with a left to night shunt at the atrial level must be sus
pected of having secondary imfundibular stenosis if a pressure
gradient 15 measured between the night ventricle and the pulmonary
artery In such a patient repair of the atrial defect should first be
carried out and further surgical procedures should be based on the
pressure reading 1n the night ventricle and pulmonary artery 1f open
heart surgery 1s used for the pnimary repair surgical exploration of
the pulmonary valve and infundibulum may be carried out without
difficulty A preoperative angiocardiogram outlining the nfundibu

Ilum and pulmonary valve may aid the surgeon i planning hus opera
tion

AORTIC STENOSIS
Diagnosis

This congenttal lesion may be diagnosed by the presence of a mur
mur and thnll over the aortic area frequently transmitted to the
neck absent aortic second sound (A2) and often dilatation of the
aorta Confirmation of the diagnosis may be obtamed by left heart
catheterization or by angiocardiographic study

Surgical Treatment

Surgical experience with this lesion 15 considerably less than with
pulmonte stenosis Although satisfactory opemng of the aortic valve
may be achieved with hypothermia and closed heart surgery open
heart surgery with a pump oxygenator provides greater opportunity
for defimtive repair and 1s & the p d of
choice The congemtal form of aomc stenosis 15 more easﬂy repaired
than the caleified valve found 1n the acquired form of the disease
(Chap 5) At the present time patients with this defect are referred
for surgery if they are subject to syncopal attacks possible precursors
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to sudden death, or «f they show evidence of Jeft ventricular falure
It 15 quite possible that with improvement of techniques this Jesion
will be corrected surgically upon makmg the disgnosss of 2 hemody
nameally sigmficant narrowing of the aortic valve since the ultimate
prognosis 15 poor and since optimal therapeutic effect may best be
achteved before the occurrence of calcification of the valve and/or
srrevessible left ventricular damage

ATRIAL SEPTAL DEFECT
Abnormal Hemodynamics

Charactersstically atral septal defect 1s associated with a large
shunt from the left to the nght atrium producing a load on the nght
ventricle The excessne pulmonary blood flow produces charactenstic
engorgement of the pulmonary vascular bed on x ray and a systoli
murmur over the pulmonary valve

The reason for the left to right direction of the shunt s of interest
At one tume it was felt that blood flowed from left to right because the
mean pressure is slightly higher mn the left than mn the nght atrum
However 1t has been found that the difference of mean pressure be
tween the two atna 1s wsufficient to account for the large shunt that
exists and the current explanation 1s related to the fact that the left
ventricle 1s less distensible than the right For a given degree of fillmg,
the pressure 1n the left ventricle rises higher than 1t does wn the night
As a result 1t 15 easier for blood to flow nto the right than nto the
left ventricle The higher pressure mn the left atrium at the end of
diastole rather than the higher mean left atnal pressure 1s responstble
for the left to night direction of the shunt

Since the shunt 1n atrial defect 1s from left to night subnormal
amounts of blood enter the left ventricle and left ventricular output
15 reduced Dumnshed systemuc blood flow may result in faulty de
velopment and 1 fatigue a common complamt wn this condition
Eventually the overloaded right ventricle may fa} with charactersstic
signs and symptoms

Pulmanary Hypertension

As 1t any large left to night shunt with excessive pulmonary blood
Pow, obstructive changes may occur 1n the pulmonary vascular bed
The frequent resprratory fections which occur 1n these patients may
be a factor 1n the develop of pul: y vascular changes In
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patients with atmal defects these changes usually do not occur until
after the age of twenty The mid pulmonary hypertension seen 1n
children with this lesion may be ascribed to the excessive pulmonary
blood flow Later in Ife severe :levauon of the pulmonary artery
pressure may result from the d p y vascular
and may further promote the development of famlure of the night ven
tricle This causes 2 rise of nght atrial pressure and a reversal of the
direction of flow through the atral defect with resultant cyanosis At
this pomnt, the atrial defect becomes a protective mechanism to pre
+ent overloading of the night ventricle and closure may result in
acute nght ventnicular fadure It 15 1mportant to make the diagnoss
of atrial septal defect early m Iife and to nstitute definitive surgery as
soon as practical when the volume of flow through the defect 15 large
or when the pressure 1n the pulmonary artery begins to nise Since the
pulmonary vascular changes secondary to this leston may be largely
wreversible surgery should be done before they develop Some m
dividuals consider that the mere presence of an atnal defect as mn the
case of a patent ductus artertosus 1s sufficient mdication for surgery

Rarely for reasons as yet unknown the shunt through an atnal
defect may be from night to left 1o the absence of pulmonary vascular
changes or mdeed of nght ventnicular hypertension Such a defect
may probably be closed without hazard

The diagnosis of a shunt at the atral level depends upon the
methods outled 1n Chapter 2 Passage of a cardiac catheter through
an atnal defect 15 best accomplished from below so that catheteniza
tion via a saphenous or femoral rather than a basilic vetwr 1s more
apt to lead to successful appreciation of the site of the defect If the
catheter does not pass through the defect a Ieft to nght shunt can be
diagnosed by the presence of an oxygen step-up at the atnal level or
by mdicator-dilution curves after inhalation of the ndicator or after
wmjection of the wndrcator into the left atnum A nght to-left shunt
1s detected by dye dilution curves (Chap 2) The presence of a pres
sure gradient across the pulmonic valve 1n some patients with uncom
plicated atrral defect has been discussed above (Pulmomc Stenosis)

The Valsalva maneuver with oxmetric measurement of the arterial
OXygen saturation may be a helpful diagnostic measure Durnng the
performance of the Valsalva maneuver the blood 1s dammed 1n back
of the night atrium becanse of the rise of intrathoracic pressure Upon
release of the forced exprration or stram thus blood flows nto the
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nght athum causing the pressure therem to nse buefly to a level
higher than that in the left atmum  As a result, the blood flows from
s1ght to left through the atrral defect and there 15 a temporary fall of
the artertal oxygen saturation Such a fall of oxygen saturation ss not
seen m normal subjects after release of a forced exprration and may
be diagnostic of an atnal defect

Atrioveniniculans Communis

Most atrial septal defects are of the ostium secundum type high
1n the septum and can be repared without the use of cardiac bypass
The rarer primum defect frequently tnvolves the mitral valve and up
per ventricular septem  atrioventriculans communis This leston 13
often associated with mitral valve msufficiency and ventricular septal
defect It 15 difficult to repair and requires open heart surgery It s
very common 1n mongolism and should be suspected 1n the presence
of a systoltc murmur to the left of the sternum or over the apex Ieft
ventricular hypertrophy by x ray or electrocardiogram, and severe
pulmonary hypertension which 1s often present Diagnosis may be
confirmed (1} by the passage of a cardiac catheter through a low
Iymg septal defect (2) by dye dilution studies after mjection of dye
wmto each pulmonary artery (3) by the demonstration by dye mjec
tion mto the left ventricle of the accompanymng mitral msufficiency
and (4) by the presence of a second oxygen step up at the ventnicular
level

Anomalous Pulmonory Yenous Return

A condtion which may be indisungmishable chnically and phys
1ologically from an atrial defect 1s anomalous pulmonary venous ¢
turn One or all of the pulmonary vems may draw ta the night
atum  and the left to right shunt at the atnal level resuits m 3
simlar murmur i the pulmomec area and engorged pulmonary ves
sels lihe those found m atral defect Catheterization findmgs are also
sumular unless a careful search 1» made for the onfices of the vews
Differential diagnosis may be made by passage of a catheter drrectly
1nto the aberrant vern(s) from the right atraum but it may be difficult
to be certain whether or not the catheter first passed through an atrsal
defect into the left atrium and then 1nto a pulmonary vein Dye dilu
tion curves are useful m making this distmetion If the dye-dilution
cunve recorded after injection of dye wto a pulmonary vein is similar
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to that seen after njection of dye into the superior vena cava
anomalous venous return 1s very likely to be present In most atrial
defects 2 different curve will be obtained because much of the dye n
jected nto the pulmonary vemn enters the left atrium and continues on
to appear 1n the systemic circulation Anomalous venous return 1s
frequently accompamed by an atrial defect, and the surgical repair of
one defect should melude thorough exploration for the other

VENTRICULAR SEPTAL DEFECT
Abnormal Hemodynamics

This common anomaly 1s characterized by a loud murmur and
thnll maximal over the lower left sternum It may be small and of no
consequence to the patient Indeed a small defect may result 1n the
production of a loud murmur and yet the amount of flow through 1t
may be insufficient to cause enough alteration of the oxygen satura
tron of the nght ventricular blood so as to be detectable by cardiac
catheterization Larger defects however produce a step up of oxygen
saturation at the ventricular level which 1s dragnostic

The magmtude and direction of the flow through 2 ventnicular de
fect depend upon the size and configuration of the defect and upon
the pressure m each ventricle Normally the puimonary vascular re
sistance 1s much less than the systemic vascular resistance and so the
systolic pressure mn the nght ventricle 1s much lower than that in the
left ventricle Thus the flow through the defect 1s from left to right
and the amount of shunt 15 dependent upon the size of the defect The
hemodynamics are similar to those encountered 1n atrial defect ex
cept that the flow load 1s on the left rather than on the night ventricle
As a result left ventricular hypertrophy may be apparent on x ray
and/or the electrocardiogram Although the pulmonary blood flow 1s
mcreased by the left to right shunt the systemic flow 1s not apt to be
reduced as much as 1t 1s 1n atnal septal defect and hence faulty
growth and development are less common findings

Pulmonary Hypertension

As m atral septal defect pulmonary vascular changes and n
creased pulmonary vascular resistance may lead to increased pul
monary artery pressure with reversal of the direction of the shunt
Pulmonary hypertension may be present in these patients from birth
or 1t may develop later 1n the course of the patient s hife
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FroM BIRTH In the fetus, the pulmonary vascular resistance i
much greater than st 5s an a chidd or adult As a result, the small
amount of blood flowing to the lung causes a high pressuce 1 &
pulmonary artery This pressure 15 higher than the aortic pressure
with the conseq that oxyg 1 blood returmg to the heart
{rom the placenta, cannot enter the Jung through the ductus arernt
osus At birth, as the lungs nflate and the vessels are thereby opened,
the pulmonary vascular falls diately It ©
diminssh slowly as the medral hypertrophy charactenstic of the fetal
artenoles 1s replaced by the thinper walled vessels of the adult type
In mfants with & large ventricular defect the pulmonary vasculature
may retam the fetal charactenstics the pulmonary artery pressure
then remamns high This may be considered to be a protective mecha
nism that prevents most of the left ventricular output from gowg to
the lung 1nstead of to thte systemic tissues Thus the presence of 1
creased pulmonary vascular ressstance and hence of pulmonary by
pertension may be a bfe saving adaptation for nfants with 2 farge
ventricular septal defect

LATE Severe pulmonary hypertension may also develop as a sec
ondary comphication of ventricular septal defect It 15 apt to develop
at an earher age than 1t does in ainal defects It only occurs 1o
relatnely large defects and if so there 1s usually some pulmonary
hypertension from birth

Surgical Treatment

Patients with a small ventrienlar septal defect without pulmaonary
hypertension may never develop complications and so are not cot
sidered candidates for surgery at present They should be carefully
observed and possibly catheterized perodically in order to detest
pulmonary hypertension if it develops but before it becomes so severe
that surgery cannot be performed

Patents with mild pulmonary hypertenston are apt to develop 1o
creasmng elevation of the pulmonary artery pressure with the passage
of time so that particularly if the left to nght shunt 1s large they
are now considered 1deal candidates for surgery

When pulmonary hypertension 1s scvere either 1 mfancy of
as a later development and the shunt 1s from right to left surgery 1s
extremely hazardous and probably not ndicated Under these condr
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tions, the imiting factor 1s the restricted pulmonary vascular bed
and surgteal repair of the ventrcular defect does nothing to 1mprove
the pulmonary circulation Some infants with severe pulmonary
hypertension assoctated with a ventricular septal defect have been
found to tmprove on conservative treatment and to reveal decreased
pulmonary artery pressure with the passage of time

PULMONARY VASOCONSTRICTION Some of the pulmonary hyper-
tension seen m patients with ventnicular defects may be due to
pulmonary vasoconstriction f that 1s the case surpical repair i
less hazardous than if all of the increased pulmonary vascular re
sistance 15 due to anatomical changes mn the blood vessels One tech
nique for selecting such patients for surgery 1s to study the pulmonary
artery pressure before and after oxygen breathing Reversible
pulmonary hypertension 1s characterized by reduction of the pressure
m the pulmonary artery or of the nght to left shunt after oxygen
breathing whereas irreversible pulmonary hypertension 15 unaffected
Drugs such as acetylcholine may exert a smmilar effect on the
pulmonary circulation and thus prove to be of prognostic value

Infundibular Stenosis

As 1 atrial septal defects excesstve flow from the left ventnicle
through a ventricular defect may lIead to wnfundibular stenosis This
raises the pressure 1 the night ventricle leadng eventually to a right
to left shunt Since repair of ventricular defects requires open heart
surgery an assoctated mfundibular lesion can also be repaired Rught
ventricular hypertension if due to wnfundibular stenosis 1s not a
contramdication to surgery The critical factor in selecting these
patients for surgery 1s the level of the pressure m the pulmonary
artery and not the pressure in the mght ventricle A tigh night
ventricular pressure 15 not necessarly a contrammdication to surgery
whereas severe pulmonary hyperiension 15

PULMONIC STENOSIS AND VENTRICULAR SEPTAL DEFECT
(TETRALOGY OF FALLOT}
Abnormal Hemodynamies

The common association of pulmomic stenosis and ventricular
septal defect may be partially ascribed to the fact that infundibular
stenosis may be a consequence of a large ventmcular defect (sce
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above) In most cases, however, both lestons develop m the embryo
Because of the pulmonic stenosis, night ventricular hypertrophy 1s
present The ventricular defect 15 usually so high that the aorta
appears to override the right ventricle The combination of pulmonc
stenosis, ventricular septal defect right ventricular hypertrophy and
overnding of the aorta 15 called the tetralogy of Fallot

Actually the pulmomc stenosts and the ventriular septal defect
are the two 1mportant lestons and the severity of each determines
the pathophystology and the clinical picture Most commonly, a
moderate ventricular defect 15 accompamed by a moderate to severe
pulmonic stenosis so that the pressure 1s the same m the o
ventricles and there 1s some right to left shunt This results m
cyanosis and the classic picture of the tetralogy of Fallot However
marked pulmonic stenosis may occur m the presence of a small
ventricular defect with the result that the shunt is small aod the
cyanosts minimal This lesion 15 similar chnieally and phystologically
to solated pulmonary stenosis (see above) Finally, a large ven
tricular defect may be associated with mmild pulmonary stenosis m
which case the shunt s from left to right and the picture 1s essentially,
that of a ventricufar septaf defect (see above)

Patients with a moderate defect and fauly severc puimonasy
stenosis present a charactenstic picture of cyanosis since birth typical
boot shaped heart or x ray due to the small pulmonary artery and
the right ventricular hypertrophy and a precordial systobic murmur
with delayed or absent pulmomic second sound Attacks of Joss
of consciousness and deepening cyanosis are common mn these
patients They are accompanied by a decrease or absence of the
systolic murmur and a sharp increase of the night to left shunt This
1s not due to systemic vasoddatation because the systemic blood
pressure remamns normal The pressure 1n the pulmonary artery has
been found to fall sharply This combination of findings 1s best ex
plamed by a transient mcrease of the degree of infundibular stenosts
though pulmonary artertolar vasoconstriction and systemic vasodilata
tion may be factors which contribute to the increased nght to Telt
shunt

Surgical Treatment
Until recently the surgical approach to thus problem has been
to ncrease the pulmonary airculaton by creation of an artsficta
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ductus arteriosus (Blalock operation) or by direct anastomosts of
the aorta to the pulmonary artery (Potts operation) These opera
tons increase the blood flow to the lung with two opposite effects
on tissue oxygen supply More oxygenated blood returns to the Jeft
ventricle  which tends to increase the arterial oxygen saturation
On the other hand, the sy flow may be d hed because of
the left to mght shunt so that the amount of oxygen brought to the
tissues may be reduced An interesting theoretical analysis by Ots
tevealed that the optimal oxygen supply to the tissues would be
achieved 1n a patient with no pulmonary blood flow to start with if a
50 per cent shunt were created Larger or smaller shunts would re
sult m less oxygen supply to the tissues These procedures, though
not curative have resulted mn improvement of large numbers of
children having the tetralogy of Fallot but they are bewng replaced
by more defimtive surgical correction of the existing lesions

In a number of patients, surgical rehief of pulmonary stenosis
alone has been followed by sudden death This may be ascribed to
sudden reversal of the diurection of the shunt through the ventricular
septum with abrupt diminution of the systemic blood flow due to
the mability of the left ventricle to handle the increased flow Some
degree of pul may be y for of
Systemic flow 1n these patients just as preservation of the fetal
archutecture 1 the pulmonary circulation 1s necessary for survival
of some wfants born with a Jarge ventricular defect Surgical cor
Tection of the pulmonic stenosis should be accompanied by correction
of the ventricular defect If such open heart surgery 1s contramdicated
the patient should have a Blalock or Potts operation or 1f possible
be managed medically until definitive surgery 1s possible

PATENT DUCTUS ARTERIOSUS
Abnormal Hemodynamics

This surgically curable lesion generally does not require mvestiga
ton by catheterization or angtography to establish the diagnosis In
most mstances 1t can be recogmzed by the characteristic machinery
Tourmur over the first to second left interspace Diagnosis may be
made by the use of dye curves or by the finding of an oxygen step up
n the pulmonary artery at cardmac catheterization An aortico
pulmonary defect may produce nearly identical clncal and physt
ological findings The differential diagnosis may be made with
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certamnty only by angiocardiography or by passing a catheter through
the defect so that the location of the e 1on can be visuatized
In view of the possible development of complications and of the ease
of defimtive cure, surgical treatment 1s mdiated m every uncom
phicated case

Puimonary Hypertension

One senious compheation 15 the development of pulmonary hyper
tension Usually this 1s a late development but it may as m ven
tracular defect, be present m mfancy It leads to reversal of the
direction of the blood flow through the ductus The resultant cyanosts
1s more severe 1n the lower than n the upper extremity because of the
site of entrance of the ductus mnto the aorta In addition, the ma
chwnery murmur may be replaced by only a systolic or drastolic mur
mur or rarely by no murmur at all Surgical correction of suchale
sion 15 fraught with hazards although 1t has been carried out Ore
approach 1nvolves temporary occlusion of the ductus preferably with
pressure measurements 1n the nght ventricle to determine whether of
not permanent occlusion could be tolerated As 1n ventricular septal
defect vasoconstriction may play a part mn the genesis of the
pulmonary hypertension 1 which case surgical repatr is probably
less hazardous

COARCTATION OF THE AORTA

This lesion must be excluded mn every patient with hypertension
by measurement of the blood pressure mn the legs It 15 another Iesion
whose presence warrants surgical correction Angographie studes
may be helpful to the surgeon mn providing preoperative outhme of
the lesion but physiological studies except for mtra arterial pressure
measurements, are of little help i diagnosis or evaluation

At operation the effectiveness of the surgery may be evaluated
by diect pressure readings above and below the anastomosts Of
graft If a significant gradient persists further surgery may be 10
dicated The systemic hypertension m these patients 15 presumably
due to renal 15cheria for the blood pressurse frequently does not fail
\mmediately after surgery Usually, a successful operation ss followed
by a gradual fall of blood pressure and the presence of hypertension
m the immediate postoperative period does not mean that surgery

was nadequate
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EBSTEIN 5 ANOMALY OF THE TRICUSPID VALVE
Abnormal Hemodynamics

In this senous form of congenital heurt disease the abnormal
tricuspid valve 1s misplaced forward into the right ventncle and 18
mcompetent The right ventricular cavity 1s very small and the right
atrium 1s greatly enlarged There 15 usually an associated atrial septal
defect Because of the tricuspid nsufficiency and nght ventricular
madequacy the right atmal pressure 1s elevated and the shunt
through the atrial defect tends to be from night to left producing
mild cyanosis Additional findings are bizarre varmble systolic
and diastolic murmurs usually to the left of the lower sternum
night bundle branch block on the electrocardiogram and relatively
normal phystcal development Serious arrhythmias are common and
are probably responsible for the very poor prognosis

Diagnosis

The diagnosis may be made at cardiac catheterzzation by visualiza
tion of the catheter mn the huge night atrium passmg through the
misplaced tricusprd valve Intracavitary electrocardiography is par
ticularly helpful m this lesion The atrial wall just proximal to the
tricuspid valve where ventricle 1s normally present consists of some
ventnicular muscle The intracavitary electrocardiogram at this site
1s of a ventricular type rather than atral in nature whereas an atrial
rather than a ventricular pressure pulse 1s present This finding of
an atnal pulse m the presence of an mtracavitary ventricular clec
trocardiogram has been considered diagnostic

Surgical correction of this lesion 15 not satisfactory but a shunt
from the supenor vena cava to the night pulmonary artery as per
formed by W W L Glenn mught be beneficial Smce cardiac
catheterization has resulted m sudden death from arrhythmias there
1S some question as to whether or not cathetenzation should be per
formed 1 ndwviduals suspected of having this lesion However many
patients have been safely catheterized If the electrocardiogram 1s
carefully momitored and the procedure termmated abruptly upon the
appearance of an arrhythmia the risk 1s not too great

TRICUSPID ATRESIA

Complete obliteration of the tricusprd valve must be suspected
In cyanotic nfants with left ventricular hypertrophy In these patients
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blood passes from the right to the left atrium through an atrial defect,
and pul y lation 15 d through a ventncular defeut
or a patent ductus arteriosus The right ventricle 15 hypoplaste
and circulation 1s mamtaned almost entiely by the left ventrcle
Cyanosss 15 mewitable, and lfe depends upon the adequacy of the
pulmonary blood flow

Fg 13 Tricuspid atresia with otrial o d ventrc lar dofects A
potent ductus arteriosus hod probobly closed just befors death
8lood enter ng the right arfium passed through the of ial defect to
enter the left venticle Some of this blood mi ed with pulmonary
ve ous blood reached the pulmonary arlery via the vent fcular
sepral defact

The patient lustrated m Figure 13 had a patent ductus arteriosus
1n addition to the defects mentioned above At auntopsy the ductus
artertosus was found to be practically closed Presumably adequate
crreulation to the Jungs was dependent upon flow gh the ductus
sn addition to that through the ventnicular defect When the ductus
closed, Iife could not be mawtawed In the absence of more definitive
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surgery a Blalock or Potts operation might mprove such a patient
but the prognosts 15 generally very poor

TRANSPOSITION OF THE GREAY VESSELS

In this lesion the sorta anses from the night ventricle and the
pulmonary artery from the left ventricle Each ventricle pumps blood
back to itself Lafe depends upon the coexistence of a communication
between the two sides of the heart This may be an atrial defect,
a ventricular defect a patent ductus arteniosus or a combination of
these The diagnosis 1s generally obvious clmcally from severe
cyanosis cardiac enlargement and evidence of increased pulmonary
blood flow Defimitive dragnosis may be made by angiocardiography
or by cardiac catheterization if all of the cardiac chambers are
entered The prognosis 1s very poor, but there 1s hope that improving
techniques of open heart surgery will eventually permit operative
cure

Taussig Bing Syndrome

A less ommous form of this lesion incomplete transposition or
the Taussig Bing syndrome consists of partial transposition of the
pulmonary artery complete transposition of the aorta and a high
ventricular septal defect In this lesion more of the oxygenated blood
returning from the lungs 15 pumped by the left ventncle mto the
pulmonary artery than mto the aorta so that the oxygen saturation
18 higher 1n the pulmonary artery than in the aorta just as it 15 1n
complete transposition This fact, plus cyanoss from burth dis
tinguishes the syndrome from ventricular septal defect with pul

monary hypertension and a right to left shunt which 1t may resemble
chnically
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CHAPTER 4

HEART FAILURE

Heart failute may be defined as farlure of the heart to pump
adequate quantities of blood to meet tissue requirements for oxygen
It may be present at rest or, 1n milder cases only duning exercise It
may be the result of imparred myocardial function of an overwhelm
mng load 1mposed upon a normal myocardum, or as m hemorrhagic
shock of reduction of the circulating blood volume so that central
venous pressures are so low that the cardiac output 1s reduced The
underlying cause of heart failure may be a sudden, overwhelming
event—acute heart farlure—or 1t may be milder and of more gradual
onset—chrome heart fallure The nature of the symptoms signs and
physiological abnormahities present 1n the patient with heart failure
depends upon all of these factors and upon the location of the under
lying abnormality

MYOCARDIAL FUNCTION

Heart failure 1s not synonymous with myocardial failure Heart
failure means that the over all pumping action of the heart 1s made
quate to meet tissue demands for oxygen whereas myocardial failure
means that the heart 1s not contracting with normal force under given
conditions Thus very heavy exercise 1n a normal person even an
athlete 15 associated with heart failure m that the heart 15 pumping

ffi blood to the g lmbs Yet the myocardium 1s re
sponding normally to the stumub which cause 1t to contract In matral
stenosis the cardiac output 15 often wadequate despite normal myo
cardial function (Chap 5) The fault lies in the obstruction to the
flow of blood through the mutral valve

In order to assess myocardial function and 1ts relationship to heart
fallure 1t 15 necessary to review normal myocardial function and the
criteria of 1ts abnormality
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Ventricvlar Function Curves

A comvement framework m which to discuss this subject 15 offered
by Sarnoff's modification of the Starling relationshup between myo-
cardial work and end diastolic fiber length of the ventricle As ob-
serted m the wsolated heart the force of myocardial contraction of
stroke work depends wpon the Iength of the muscle fiber at the onset
of the contraction (Chap 1) After o certam pont hawever, stretch
mg of the muscle results i a decrease rather than an mncrease of the
forcefulness of contraction (the descending hmb of Stathngs
curve) The degree of stretch of the myocardial fiber 1s reflected m

Epmephrine
{exervise}
Normel
LEFT
VENTRICLE
STROKE

WORK Abnormal
{ fadure™}

//——’.‘RIGHT VENTRICLE

MEAN ATRIAL
END DIASTOLIC VENTRICULAR PRESSURE

Fg 14 Schemofc ven cular funct on curves for normal aight vent Ides ond
fo left venincle when no mal when st mylated by epreph oa ax dving
muscela exercie ond wh a obne mel oz n myoco d of falure Mote that th

destendng mb  ©ppan 1 only on the bbro mot ventncular fund on turve
{Med fied f om the expe maentsl wo & of 5 § So noff and assacioles )

the size of the ventricle at the end of diastole Thes 1 turn 15 18
flected by the height of the end-diastolic pressure wiuch s reflected 1
the level of the atual pressure Thus mjyocardiaf function may be as
sessed by measunng the strobe work at vanous levels of atral pres
sure

Sarnoff has studied the relationship between stroke work and atral
pressure under a varety of condstions m dogs and has developed the
coneept of a family of ventncular funchion curves As plotted 1@
Figute 14 the function of the ventricle may be described as a curve
calatine ctroke work to atrial nrescirs Inrreatsd Aracenve rencac
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creased work and there 15 a normal level of work for each atmal
pressure  Under the mfluence of drugs or of humoral or nervous
stimulation the relationship between work and pressure may change
Apparently there 1s no descending Iimb on the ventricular function
curtve of the normal ntact heart

The failing myocardium performs a subnormal amount of stroke
work for each filling pressure In additron an increase of filling pres
sure eventually causes decreased stroke work ( the descending
Lmb ) These two features of the ventricular function curve dis
tingwsh the failing from the normal myocardium

Stroke work 1s affected both by change of ventricular function and
by change of filling pressure The normal myocardium responds to
mcreased filling with an increase of stroke work whereas the failing
myocardum may respond to mcreased filling with a decrease of
stroke work That 1s why reduction of the venous pressure, by phlebo
tomy or by the application of tourniquets may result in an ncrease
of stroke work and of cardiac output in individuals with myocardial
farlure but not 1n normals

TYPES OF HEART FAILURE
Reduced Blood Volume

Hemorrhage and systemtc vasodilatation lead to reduction of the
venous pressure 1n both the lesser and the greater circulations This
causes decreased filling of the ventricles duning diastole As a result
the length of the myocardial fibers at the end of dastole 1s subnormal
the ventricle beats with less force and cardiac output falls Reflex
tachycardia may cause some increase of cardiac output but this may
be madequate to meet tissue requirements if the central venous pres
sures are very low In this situation heart failure 1s present despite
normal myocardial function Therapy 1s directed at replacing lost
blood volume or at restoring normal vascular tone Chronic anemra
which may be associated with abnormal myocardial function because
;f myocardial hypoxia 1s discussed i Chapter 5 (Hyperkmetic

tates)

Obstruction to Ventncular Outflow

The sequence of events which follows obstruction to ventricular
outflow 1s smular for both sides of the heart Faced with a sudden
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volume must fall when Tesistance to outflow 1s mereased Suce sy
tolic emptymg 15 Incomplete, the volume of blood 1 the ventricle at
the begranung of the next diastole 15 mereased Normat duastole flling
results 1n an mcreased amount of blood m the ventrcle at the end of
diastole This m turn causes an increased end chastohe fiber Jeagth

Tamz 1 Hearr Fawure

Specific cause
Generol cause Acute Chrome
Reduced effective blood Hemorrhage Anemia
and/or red cell Neurogente shock
volume
Obstruction to ven Pulmonary embols Occlusive pulmonary vascular
tricular outflow disease pulwonary fibrosis

emphysema pulmonic stesosts

Hypertensive ensis Aorbic stenosis hypertensive
cardiovascular disease coar
tation of aorts

Increased flow require Yalvulay insuff Valvular msufficiency arterro-
ment <lency venous fistula septal defects
Artersovenous benbert anewna thyrotaxs
stola cosis
Qbstruction to ven Atnal tumor Mitral or tricuspid stenosis con
tricular inflow stnctive pencarditis vena
caval obstruction
Myocardial weakness Tscherme heart Ischeme heart disesse myocac
disease ditrs myacardial fbrosis
Myocarditty

and the next beat 15 more forceful Blood flow may now be mam
tawmed at a normal level but at o shghtly hugher end diastobe and
mean atnal pressure Further oerease of resistance to ventricular out
flow causes further elevation of atrsal and venous pressure This may
lead 1n the case of the Ieft heart to pulmonary congestion and
pulmonary edema Elevation of the night atrial and systemic venous
pressures ocewss 1 pulmonary hypertension Mjyocardsal farlure may
not be present i esther case smce ventneular function may be
normal However mspection of the normal ventricular function curie
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reveals that a very small increase of pressure results m a large
crease of stroke work so that a large increase of stroke work may
occur with hittle elevation of venous pressure

Acute obstruction to ventricular outflow can be produced expen
mentally and follows massive pulmonary embolism m patients It 15
associated with marked elevation of intraventricular systolic pressure
If more than three fourths of the cross sectional area of the aorta or
of the pulmonary artery 1s obstructed dilation of the heart ineffectual
beats and eventually cardiac standstill result This type of acute
myocardial failure may be partially due to myocardial 1schemia re
sultng from increased myocardal work m the face of a reduced
cardiac output

Sustained chronic obstruction to ventricular outflow occurs 1
aortic stenosis 1n pulmonic stenosis and 1n systemic and pulmonary
hypertension In each case, the increased stroke work 1s accompanied
by increased end diastohc pressure 1n the ventricle and increased
atnial pressure Whether or not the latter may become so high as to
cause systemuc or pulmonary edema when ventricular function 1s still
normal cannot be answered at this time The studies that have been
done suggest that cardiac dilatation and venous hypertension are as
soctated with abnormal myocardial function

Sustained stress causes myocardial hypertrophy The extent to
which this 1s beneficial 1n terms of ventricular function remains to
be ascertamed Presumably a hypertrophied heart if adequately per
fused with blood can generate more power with each beat at a given
level of stretch Its ventnicular function 1s supernormal But such a
myocardium may be more disposed to faill because of the excessive
requirements for blood flow

Increased Flow Requirements

As 1n obstruction to ventricular outflow the mncreased myocardal
work required to an el d flow 15 achueved by ncreased
end d lic p For pl diately after the onset of
mitral msufficiency part of the Jeft ventricular stroke volume regurgt
tates mnto the left atnum The forward stroke output is correspond
mgly reduced and the left atrial pressure 1s elevated The latter
causes increased filling of the ventricle durng the next dastole so
that the next stroke volume 1s increased This continues until forward
flow becomes normal A similar adjustment occurs m aortic msuff
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ciency, except that ventricular end diastohie volume 15 elevated by
blood flowing back from the aorta rather than forward from the
atrium

Stress of this type leads to ncreased stroke work and volume
though forward flow 15 normal or reduced with elevated end diastolic
and atnal pressures Agam as 1 obstruction to outflow a small re
of pressure may be associated with an adequate mcrease of stroke
work so that a pathological elevation of venous Ppressure may not be
present The development of chimcal venous hypertension may be 1
dicative of abnormal ventricular function

Chiucally and expermmentally it appears that this type of stress
15 far less demandng of the ventricle than 15 the stress of outflow ob-
struction The work required to pump large quantities of blood
through normal onfices s less than that required to overcome resist
ance 1o outflow Thus aortic stenosss 15 more apt to produce chnwal
evidence of heart fasdure than s esther aortic msufficiency or mstral
wsufficiency

The hemodynamic aiterations associated with other discases m
which cardiac output 1s mncreased the hyperkmetic states are dis
cussed 1n Chapter 5

An mtngwung problem 1s the effect of prolonged excessive work
loads on the heart As has been ponted owt cardhac output may be
mamtamed at normal levels albest at a shghtly ugher than nommal
filling pressure when there 15 an mcreased work requrement of exther
ventricle Such a requirement may stem etther from ncreased resut
ance to outflow or from increased requirements for total flow With
tme the ventricle becomes hypertrophed and possibly shifts to @
igher ventnicular function curve and so it works harder than &
normat for the level of filling pressure

Why does the Iaboring heart ever shift to & fathag  ventricular
function curve” That this need not occur 15 mdicated by patients with
pulmonic stenosis and severe mght ventricular hypertension who
never develop night ventricular fadure and by individuals with aortic
stenosts or essential hypertension who never dervelop left ventricular
faslure It 15 possible that one solution concerns the quahty of the
blood supply to the myocardium relative 10 is metabolic needs The
burdened heart contractwng agmnst a hegh resistance requires large
amounts of otygen and hence of coronary blood flow I the blood
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supply becomes 1nadequate the ventnicular function may change mto
that charactenistic of the failing heart

Myocardial failure may not be permanent A hypertenstve patient
who has a cerebral vascular accident and reduction of blood pressure
may no longer require digitalss after coronary occlusion ventricular
function may be poor only to improve as collateral vessels grow to
the myocardum, valvulotomy may reverse the right ventricular fail
ure resulting from pulmonary stenosis There are many other ex
amples suggesting that myocardial failure defined in terms of
abnormal ventricular function 1s dependent upon the balance be
tween cardiac worh and myocardial blood supply and 1s not neces
sanly 1rreversible (Fig 15) It 1s also possible that other factors may
be equally or more important in the pathogenesis of myocardial
failure and that excessive work loads may per se lead to biochemical
or structural changes mn the myocardium which are reflected 1n abnor
mal ventricular function

Obstruction to Ventricular Inflow

Heart failure as defined at the beginming of this chapter may be
caused by obstruction to ventricular fillmg yet myocardial function
may be entirely normal Mitral stenosss the most common example
of this abnormality 1s discussed mn some detail in Chapter 5 1 which
1t 15 pointed out that all of the mamifestations of congestive heart
failure dyspnea pulmonary congestion edema and elevated venous
pressure may result from mitral obstruction m the presence of normal
ventrcular function

Myocardial Disease

The last group of general causes of heart failure 1s comprised of
conditions mn which the primary abnormality 1s 1n the heart muscle
Myocardial weakness whether due to acute infection rheumatic
fever myocardial 1schemia or trauma leads to heart farlure because
for a given stretch the heart does not contract with normal force
Severe acute disturbance leads to severe duminution of cardiac out
put and the heart stops beating or fibnllates erther because of the
primary involvement or because of reduced coronary flow Less
severe chronic diseases are assoctated with a low cardiac output and
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high venous pressure which cause the climical manifestations of con
gestive heart falure

TESTS OF MYOCARDIAL FUNCTION

Consideration has been given to the types of stress which may
lead to heart fatlure defined 1 terms of systemic blood flow It has
become evident that abnormal myocardial function may play little or
no part n the development of heart failure How may ventnicular
function be defined 1n a patient so that the role of the myocardium 1n
the genesis of signs and symp of d can be d? The
range of normal for human ventricular function curves 1s great and
largely undefined but if one obtains values for stroke work and atrial
pressure 1t 1s possible to assess myocardial function A high end
diastolic pressure 1n the ventricle or in the absence of stenosis of the
atrioventricular valve a high mean atnal pressure suggests the pres
ence of myocardial failure if stroke work 15 normal or reduced By
the same token subnormal stroke work in the presence of normal
atrial pressures 1s [ ptive evidence of my dral farlure

Since only the failng ventrcle has a descendmg hmb on 1its
ventricular function curve the finding of decreased stroke work dur
1ng exercise or after a rapid intravenous nfusion represents defimitive
evidence of a faling myocardium If sequential data are available a
Iower stroke work than that measured previously at the same or
hugher filling pressure indicates the development of myocardial fail
ure Finally and of practical value an increase of the cardiac output
after the admnstration of digitalis 1s a useful sign of a failing ven
tricle

Heart Rate During Exercise

So far the discussion of cardiac function has centered around
stroke volume and stroke work particularly as related to the filling
pressure Actually the heart rate 15 a major determmant of cardrac
output the ultimate goal of cardiac function (Chap 1) In normal
human subjects the mncreased blood flow during mild exercise 1S
largely the result of an increased heart rate with Dttle if any m
crease of stroke volume Normally the heart rate increases linearly
with the increased oxygen req during exercise
The mechamsm for this tachycardia has not been defined but 1t 1s
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Iikely reflex 1n origm and serves to mamtaw adequate tissue otygen
tension (Chap 13) The faihng heart with small stroke volume and
high filling pressure 1S apt to exhibit tachycardia perhaps from the
same reflexes that operate during museular exercise n niormal hearts
The tachyeardia may be present at rest and s excessive during mus
cular exercise During exercise, the heart rate may even be so fast as
to curtas drastolic filhing and actually cause a fall of cardiac output

SIGNS AND SYMPTOMS OF HEART FAILURE

In the course of the foregomng allusion has been made to some of
the signs and symptoms of heart farlure of which edema dyspnea
and fatigue are particularly important Edema 15 but one mandesta
tion of systemc venous congeston other signs includimg venous dis
teation  ascites  and hepatomegaly This congested state 1 now
known to be associated with an mcreased extracellular flind volume
due to renal retention of salt and water Tt may be produced m nor
mal subjects by the admimnstraton of targe doses of sterosds It may
oceur in patients with nephritis or with mutral stenosis who hasve nor
mal ventricular function The mechanism of 1ts development 12 heart
disease has led to a great deal of study and controversy Some have
felt that increased venous Ppressure was the primary cause of edema
whereas others have felt that the prumary factor was a reduced
cardiac output As 1s often the case both sides are nght Ample ex
penimental evidence attests to the fact that acute elevation of venots
pressure even m veins below the kidney may lead to renal retention
of salt and water On the other hand renal setention of salt and water
may precede the rise of venous pressure and may be the result of re
duced renat blood flow or of the internal secretion of aldosterone of
other hormones It 1s at thys pomt that the defimtion mentioned at the
beginning of this chapter becomes useful—if blood flow 15 madequate
for the needs of the vanous organs renal retention of salt and water
may ensue This may be a direct effect on the kidney or may be due
to hormonal action but 2 common denomumnator appears to be inade
quate blood flow An mteresting notion offered by Epstemn 1s that the
sumulus to salt and water retention 15 madequate artenal fillng This
may occur n arteriovenous fistula (Chap 5) when an excessne
amount of blood flows through the fistula at the expense of the rest
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of the artenal system It has been likened to an mternal dehydration
reaction leading to compensatory salt and water retention by the
hidneys In a sumlar vein, Peters has suggested that salt and water
retention from ncreased venous pressure 15 due to dehydration of the
rest of the body because of sequestration of flmd out of the vascular
system 1nto the tissues 1n which the venous pressure 1s lugh Accord
g to this view, el d venous p leads to tr: dation of
fluid mto the tissues causing a decrease of total blood volume, which
1s combated by renal retention of salt and water

Regardless of 3 deq blood flow to the tissues ap
pears to be a stimulus to salt and water retention by the kidney, as
does venous congestion so that either abnormality may provoke and
perpetuate the formation of edema flud As mentioned earher the
presence of edema venous congestion or even of cardiac enlarge
ment does not necessarlly mean that myocardial failure 1s present
Although the congested state does result from many types of heart
disease 1t may also result from noncardiac factors and may be as
soclated with normal cardrac function Fmally it may result from
increased venous pressure and/or wmadequate cardiac output in the
presence of a heart which 1s burdened but operating on a normal
ventrcular function curve

A major f 1on of the gested state 1s elevation of the
venous pressure climically obvious as distended veins A number of
studies have indicated that this 1s not entirely the result of mcreased
blood volume and elevated end diastolic pressure 1n the ventricle
There 15 evidence that increased venomotor tone plays a part The
admmustration of ganghiome blocking agents may cause reduction of
venous pressure presumably by decreasing the venous tone so that
the vemns accommodate the same volume of blood at a lower pres
sure (see Chap 1 Venous Pressure) The pathogenesis and im
portance of mncreased venomotor tone i producing elevation of
venous pressure requures further study

Chapter 12 15 devoted to a discussion of dysprea The third prom
inent symptom of heart failure 1s fatigue This requires Litle discus
ston but it may be a promment and distressing symptom 1n patients
n whom the cardiac output 15 madequate to meet the oxygen require
ments of the exercising muscles The pathogenesis of this symptom 1s
not clear but 1t 15 probably related to tissue hypoxta It may be the
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result of accumulation of metabolic products of anaerobic metabolisnr
Like angina pectons (Chap §) it may be useful in settng 2 hmt to
the amount of exercuse that a cardiac patient can perform with safety

TREATMENT

The treatment of heart fallure wcludes measures aimed at xmprove
ment of ventricular function at reduction of the work requirements
of the fating ventricle and at relief of assocrated symptoms The con
trol of the congested state by diuretics and salt restriction may also
mprove ventricular function Reversal of anemsa or hypoxemia may
improve ventnicular function and also reduce cardiac work requue
ments

Improvement of Ventncular Function—~Digitolis

The drug for the treatment of impaired ventricular function 1§
digtalis This drug has 2 positive motropic effect on the myocardrum
50 that the force of contraction 1s increased In addition digitalis ap
pears to act upon the peripheral vascular bed so that blood 1s diverted
from the central vemns mto other parts of the vascular bed In normal
subjects the net effect of these actions 15 reduction of the cardiac
output In mdwiduals with venous hypertesision due to myocardial
fajure, the penpheral action of digitabs and the motropic effect act
together to cause an increased cardiac output

In the absence of atrial fibrillation n which the ventricular sate I
a convement guide to the adequacy of digitalization the proper ad
nuuistration. of digitalis may be difficult Since direct evidence of
optimal ventricular function 15 not available to the physician 1t &5
frequently necessary to give the drug to the pomt of toxicity and then
to reduce to maintenance doses just short of thus level Recurrence of
chmcal symptoms may require repetition of this procedure unless the
symptoms are sufficiently clear cut and reversible to serve, them
selves as an mdex of the adequacy of digitalization

Digitalis causes a decreased cardiac output if myocardral farfure
15 not present In addition 1t causes an ncrease of systerme blood
pressure As a result ats use should be restricted to patients with myo-
cardsal fatture or with arthythmias such as atral fibnillation Jt should
not be used 1 every patient with pulmonary or systenuc venous con
gestion, but only when the venous congestion s due to myocardial
failure or to a controllable arthythmea
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Reduchion of Myocardial Work Requirements

Myocardlal work Tequirements may be reduced (1) by reduction
of 'y Or Syst (2) by cor
rection of valvular stenosis or msuﬂicxency or (3) by treatment of
abnormalities such as thyrotoxicosis hypoxemia anema, or arterio
venous fistula which cause increased demands for blood flow (Chap
5) A more general form of therapy 1s bed rest and sedation De
crease of tissue oxygen requirements effectively reduces the cardiac
work load and pattents with congestive heart farlure respond well to
bed rest After p 1on has been achieved, such patients should
be restricted to a level of actvity which can be tolerated without the
development of signs or symptoms of heart failure A more extreme
form of this type of therapy 1s the medical or surgical induction of
hypothyroidism  which may sufficiently reduce myocardial work re
q to restore comp 1on to the disabled cardiac patient

Relief of Symptoms

Treatment of the signs and symptoms of congestive heart failure
may lead to improved myocardial function When dyspnea 1s relieved
by reduction of the work of breathing the oxygen requirements of the
respiratory muscles are reduced This cuts down the work required of
the heart Aboltion of pulmonary edema has a similar effect and 1m
proves mycardial function if hypoxemia 1s abolished Treatment of
the congested state with diuretics causes reduction of blood volume
and hence of central venous pressures If the heart has been operat
g on the mefficient descending limb of a ventricular function curve
stroke work and cardiac output will increase In order to mamtam
patients free of venous congestion a sound practice 1s to have them
keep a careful daily weight record and report any sudden gamn so
that dwretics may be given promptly before edema actually appears
The availability of potent oral diuretics has made possible edema free
eustence for many cardiac patients without the nigorous salt restric
tion previously necessary
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CHAPTER 5

ACQUIRED HEART DISEASE

DISEASE OF THE MITRAL VALVE

The normal mitral onifice has an area of 4 sq cm dunng
diastole and 1s completely occluded by the valve cusps during systole
Rheumatic nvolvement may cause exther retraction of the cusps and
mutral 1nsufficiency or fusion of the cusps and narrowing of the valve
onfice 1e mitral stenosis The mutral valve 1s the commonest site of
rheumatic involvement 1n the heart but there may be coexistent 1m
pairment of the aortic or rarely the tricuspid valve Of the two types
of disease of the mutral valve mutral stenosis 15 more serious in terms
of morbidity and mortality

PATHOGENESIS

The pathogenests of mitral stenosis and mitral nsufficiency 15 1n
completely understood It 1s not clear whether valvular abnormality
results from continuing rheumatic activity or from slowly progressive
scarnng after an attack of rheumatic fever The latter 15 the more
likely hypothesss Since the former possibiity cannot be excluded
every pattent who has or has had acute rheumatic fever should re
ceive a course of intenswve penicillin therapy to eradicate any strepto
coccal imfection that may be present The development of mutral
stenosis or it ly likely with each subse
quent attack of rheumatic fever Therefore patients who have had
rheumatic fever should probably be placed on prophylactic antibiotic
therapy after the imtial course of intensive treatment

Auscultatory evidence of abnormality of the mitral valve may be
evident soon after the onset of the acute attack of rheumatic fever
but symptoms do not usually appear until several years later Thus
although rheumatic fever 15 commonest during the teens the mam
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festations of mutral dwsense, aside from the physical findings, usually
do not appear until the fourth decade

RITRAL STENOSIS
Diagnous

Dunng the past ten years a great deal of mformation has been
obtained about the natural hustory of mutral stenosss how narrowing
of the mitral valve results 1n disorder of cardiopulmonary function
and how this may be modified by e tomy In no other
cardropulmonary disease 1s the intricate mterrelationship between the
heart and lungs more clearly Hustrated Many of the symptoms stem
from pulmonary abnormatities resulting from mutral block Secondary
reduction of the pulmonary vasewlar bed may m turn Jead to nght
ventnicular failuse

Mitral stenosis 15 usnally diagnosed easily by auscultation Charac
teristic findings are a presystolic crescendo murmur, 2 loud snapping
first sound at the apex (M1) and evidence of pulmonary hyperten
sion, 2 loud P2 Some patients, particularly those wath the greatest
degree of stenoss, may not present the typreal auscuitatory findings
With the advent of atrial fibrillation, the crescendo quahty of the
presystolic murmur 1s generally Jost The murmur may even disappear
of the cardiac output becomes so reduced that the rate of blood flow
across the mutral valve becomes very slow If caloification develops
the operng <nap may disappear Under these circumstances, physo-

logical study may be y to establish the diag This involves
simultaneons measurement of the left atrial and ventricular pressures
duning Giastole (Chap 2) the p ofa dient beng

p 8
diagnostic of mutral stenosts Such studies are also useful m establish
10g the degree of stenosts which 15 not reflected m the ntensity of the
daastolic murmur

Pathophysiology ond Symptoms

PULMONARY CAPILLARY HYPERTENSION The prmary effect of
matral stenosts 15 elevation of the left atrnal and, hence, of the pul
monary capillary pressure As jllustrated i Figure 16 progressie
dectease of valve area 5s assocuted for a given cardiac output, with
progressive of the put y capliary p A small
degree of parrowng of the mtral valve has little effect on pulmonary
capillary pressure, but as the valve gets smaller and smaller, fusther




Acquired Heart Disease 77
narrowing 1s associated with greater and greater rise of the pulmonary
capillary pressure The effect of mitral stenosis on the pulmonary
capillary pressure 1s modified by the level of the cardiac output and
of the heart rate Increase of the cardiac output 1s associated with
an mcrease of the gradient across the mitral valve (Chap 1) and
hence elevation of the pulmonary capillary pressure Thus, when
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the mutral valve area 15 reduced to 2 sq cm the pulmonary capiffary
Pressure may be normal at rest but high durng exercise Fusther
stenoss 1s assoclated with pulmonary capillary hypertension at rest

Tn some ndviduals the resting cardiac output falls The mecha
st for this 1s unknown but the result 1s reduction of the pulmonary
capillary pressure There 15 evidence indicating that the cardiac out
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put 1s so regulated as to heep the pulmonary capillary pressure below
30 mm Hg the level at which pulmonary edema develops Thus
the level of the pulmonary capillary pressure need not reflect the
degree of narrowing 1n severe mutral stenosis, since reduction of the
cardiac output may keep the pressure below 30 mm Hg as the
stenosts becomes mcreasingly severe

Tachycardia causes an increase of the pulmonary capillary pressure
because blood flows across the mutral valve only durmg dstole
If tachycardia develops, the total time during which blood can flow
15 greatly dimmushed and thus, for a given cardiac output, the rate of
flow during the shortened diastolic pertod must be mcreased This
m turn requires elevation of the left atrial pressure to produce the
same minute flow

Elevation of the pulmonary capillary pressure leads to transudation
of flud from the pulmonary capillanies If sufficiently severe, this
becomes pulmonary edema The engorgement of the pulmonary
blood vessels causes reflex tachypnea and increased work of breath
g both of which contribute to dyspnea (Chap 12) Patients with
dyspnea due to mutral stenosis generally reveal tachypnea and, as 2
result « low arterial carbon dioxide tension

Not uncommonly pulmonary edema develops after a period of
excttement or emotwonal stress It 15 probably due to mcreased
capillary pressure secondary to tachycardia and/or increase of the
cardiac output Smnilarly the onset of dyspnea frequently comcides
with the advent of rapid atnal fibnillation

Recumbency causes some of the blood in the systemic venous
system to be shifted to the pulmonary vascular bed This may cause
elevation of the pulmonary capillary pressure to symptomatic levels
The result 1s orthopnea Pulmonary edema has even developed 1
these patients followmng a long period recumbency such as occurs
during cardiac catheterization

Hemodynamic studies reveal elevation of the pulmonary artery
pressure and normal or reduced cardiac output The pulmonary
hypertension may be entirely the fesult of pulmonary capillary
hypertension or may be partly due to reduction of the pulmonary
vascular bed this 1n turn may be partly due to pulmonary arteriolar
constriction which may be dimmished by hexamethonmum or other
drugs (see below Pulmonary Vasoconstriction) Exercise 1s associated
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with ncrease of the pulmonary artery pressure and an increase
though usually to subnormal levels of the cardiac output

PULMONARY VASCULAR CHANGES The patient with mutral stenosis
may learn to Inve with his disease and to avoid situations which lead
to rise of pul y capillary p This coupled with
reduction of the cardac output may lead to a relatively asymptomatic
period However, prolonged pulmonary capillary hypertension often
leads to anatomical changes intimal hypertrophy and muscular
thickening 1 the small blood vessels of the lungs with a resultant
mcrease of the pulmonary vascular resistance That these changes
are protective to the capillaries 15 debatable The increased work
required of the nght ventricle may be a factor 1n the reduced cardiac
output and hence reduced pulmunary cnpﬂlary pressure but aside
from this the of p y cannot very
well protect the capxllanes The pressure 1n the capillaries 15 1n the
last analysis dependent upon the mean pressure in the left atrium
The pul y arteriolar can affect this only indrrectly

The pathological changes that occur i the lungs now become
matters of primary concern The resistance to pulmonary blood flow
represents a load on the nght ventricle which may fail and con
tnbute to the development of peripheral edema (Chap 4) In
addiion  prolonged pulmonary congestion leads to pulmonary
fibrosis which mcreases the work of breathung Along with loss of the
alveolar capillary surface area consequent to obstruction of small
blood vessels pulmonary fibrosis leads to reduction of the duffusing
capacity of the lungs This may accentuate the hypoxemia already
Present because of pulmonary congestion At this stage symptomatic
deterioration 1s apt to be accelerated and the opportumty of inducing
improvement by commussurotomy 1s limited Physiological study
reveals marked pulmonary hypertension low cardiac output and low
diffusing capacity Exercise causes marked increase of the pulmonary
artery pressure with hittle increase of cardiac output and of diffusing
capacity The vital capacity 15 generally reduced hypoxemia 1s
usually present and the artenal Peo 15 usually normal or reduced

PULMONARY VASOCONSTRICTION A number of mvestigators feel
that pulmonary vasoconstriction may be an important factor mn the
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mcereased pul v vascular e found m many patents with
mtral stenosss This feehng 15 based on the facts that (1) the pul
monary vascular often falls diately after ful

commyssurotorny and appears to be related to the hesght of the lft
atrial pressure, and (2) the administration of drugs such as acetyl
choline and hexamethomum may lead to decrease of the putmonary
vascular reuistance Some feel that the vasoconstriction 15 & reflex
result of left atrial hypertension, whereas others feel that it 15 due
to local alveolar hiypoxiz and that 1t serves to prevent systemic hype
xemia The latter theory 15 based on the observation that acetyl
choline not only lowers pul y vascular but also causes
a reduction of the artenal oxygen saturanon Accordmg to the theory
hypoxic alveol are underperfused with venous blood because of local
reflex vasoconstriction and so reduced amounts of unoxygenated
blood flow from these poorly vemtlated areas to mux with well
oxygenated blood from the rest of the Jungs On admmustration of
acetylcholine which 15 thought to abolsh this vasoconstriction
relatively more blood flows through these areas and muxes with the
arteniahized blood from the rest of the lung to cause hypoxemia

Since the effects of the drugs mentioned above are vanable and
largely unpredictable, and swmce m expenimental anumals and 1n man
hypoxia 15 at best a muld meter of pulmenary vasoconstriction it 1§
difficult to be convineed that vasoconstriction 1s an smportant factor
m the pathogenesss of pulmonary hypertension 1 mitral stenoss
But 1t may be present and may explam the occasional dramatic fall
of pulmonary artery g that follows otomy

Commissurotomy

SELECTION oF PATIENTS When should commussurotomy be done?
In the early stage, before the develop of pul y compl
tions, the setting 1s wdeal for the surg Ir ble changes have
not occurred 1n the langs although pulmonary hypertension may be
present Given a patient with known reduction of the area of the
mitral valve and known absence of severe pathologic changes i the
pulmonary artegoles 1s commussurotomy justified? Unanticipated
mtral msufficiency evaluation of which has not yet reached a state
of perfection or severe caluific nawrowng of the mitral valve may
make restorative surgery mpossible With mproving techmques of
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open heart surgery these matters may be better handled in the future
There 15 also a surgical sk The major nisks, i addition to those
attending any thoracotomy, are embohlsm from the atum m
advertent rupture of the atnal wall during fracture of the valve
and the creation of mutral insufficiency In regard to embolism,
particularly apt to occur mn patients who are fibrllating the nsk may
be mmimized by the use of anticoagulants before during and after
surgery In any event since restoratne surgery cannot be guaranteed
the risk s such that the deciston for mitral commussurotomy 1s a
hghly individualized matter depending 1n large measure on the
extent of the patients symptoms and the experence of the surgical
team This 1s complicated by the fact that the patient with early symp
toms may be d by med for many years al
though there 1s a strong ltkelihood that (hese symptoms would even
tually progress to the pornt where surgery can no longer offer as much

In patients with pulmonary vascular disease the amount of benefit
that may accrue from successful commissurotomy 1s often not as great
as mught be desired Pulmonary hypertension 15 often reduced par
ticularly if very severe preoperatively but generally not abolished
Clinical amprovement 15 often much greater than the measurable
hemodynamic effects of surgery Ewidence 1s accumulating to the
effect that the pulmonary artery pressure reduced immediately after
surgery may rise agam 1 two to five years in some patients At
present 1t seems that patients who are disabled by mitral block

T legitimate did for surgery despite the presence of
pulmonary vascular disease Pattents with milder symptoms must be
evaluated carefully and mndividually Patients with advanced pul
monary fibrosis represent poor operatrve nisks and can have little
hope for improvement from commissurotomy

PHYSIOLOGICAL STUDIES Many patients with clear cut signs of
mitral stenosis and resulting symptoms of disability require no
phystological study and may be adequately evaluated for surgery on
clinical grounds alone In other cases physiological study 1s very
useful In some cases if the mutral diastolic murmur 15 absent or
atyprcal left heart catheterization may be necessary in order to
establish the diagnosis In other cases with typical signs of mutral
stenosis 1t may be difficult to decide whether or not the mitral block
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18 actually causing difficulty In such cases, demonstration of pul
monary hypertension by right heart catheterization provides a clear
cut ndication for surgery, whereas if the pulmonary artery pressure
remams normal during exercise there 15 probably no need for surgery
Studies of exercise tolerance are somewhat simpler to perform and
may provide useful mformation Reduction of exercise tolerance o
excessive tachycardia dunng exercise suggests that a fenctional
bmitation 15 present and that surgery may be mdicated Such studies
ate particularly useful if performed serally on a patient The appear
ance of abnormality mn a previously normal subject 15 convincing
evidence that surgery should be performed  Studies of pulmonary
function are useful n that the demonstration of reduced Jung volumes
and of marked impawment of diffusion of gases in the Tungs suggests
the presence of pulmonary fibrosis which entails mereased risks of
surgery and a reduced likelihood of achieving benefit from successful
commussurotomy Fmally physiological study may be necessary in
order to evaluate the role of mitral msufficiency and of left ventricular
farlure 1 the genesis of an mdvadual patient s symptoms

MITRAL INSUFFICIENCY A particulacdy mmportant problem m the
evaluation of the patient for commussurotomy 1s the distinction be
tween mutral steposts and mutrat msufficiency With mmproving tech
mques for open heart surgery this distinction may become academuc
since the surgeon may eventually be prepared to correct esther type
of leston At the present time however 1t 15 important to exclude
donnnant mitral msufficiency before sabjecting a patient to com
mussurotomy  Patients with combuned Iesions present the most dif
ficult problems  Pure mutral stenosis with a valve less than { 5q
¢m 1n area, 1s generally not associated with a systohie apical murmur
Left heart catheterization reveals a pressure gradient across the matral
valve duning diastole and a typical pressure pulse 1 the left atrum
with a very slow descent of the ¢ y wave If pure mutral msufficiency
1s present with o valve area greater than 2 sq cm, the distolic
apical murmur 15 often absent and there 1s no pressure gradient across
the mutral valve duning diastole In combmed lesions, with mter
mediate sizes of the mutral valve the decision as to which s the
hemodynamucally sigmficant lesson and whether or nmot 1t can be
corrected s difficult One may partially quantitate as described m
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Chapter 2 the seventy of each leston but one may not predict to
what extent surgery 1s possible In such patients, operation 1s generally
adwvised 1f symptoms are severe, with the knowledge that surgery may
be exploratory and that defimitive ymprovement may not be possible
Such patients might well be treated medically until the advent of
satisfactory open heart surgery makes possible reconstructive surgery
of any lesion found

LEFT VENTRICULAR FAILURE Recently Ferrer and associates
have ndicated that it 15 amportant to exclude myocardial failure
as the cause of a patients signs and symptoms before attempting
valvular repair In patients with a small heart on x ray this distinc
tion 1s usually not difficult mutral stenosis being the importaat lesion
However some patients with mtral stenosis suffer primanly from left
ventricular fallure As 1n mitral msufficiency left ventricular failure
with pulmonary capillary congestion may lead to the same pulmonary
vascular changes as those seen 1n mutral stenosis so that pulmonary
hypertension may be present However left ventricular failure 15
usually characterized by an enlarged left ventricle and on physt
ological study by a low cardiac output and relatively less pulmonary
hypertension than that seen mn mutral stenosis Exercise 1s more apt
to result 1n an increase of the cardiac output 1n mutral block than in left
ventricular falure and the pulmonary hypertension during exercise
1s generally but not always more severe 1 mitral block than in left
ventricular failure These parameters provide suggestive leads but are
not diagnostic Measurement of an elevated left ventricular end
diastolic pressure 1s definitive evidence of left ventricular failure
Finally the response to the administration of digitalis may be helpful
As mentioned 1n Chapter 4 the failing myocardium responds to the
admmustration of digitalis with an ncrease of cardiac output and a
decrease of end diastolic ventricular and mean atrial pressure In
mitral block the cardiac output does not change or it falls and
pressures do not change after digitahzation Rapidly acting acetyl
strophanthidin 15 a useful agent for testing patients 1 this way In
crease of the cardiac output after admmistration of this drug 1s
evidence of left ventricular failure

The demonstration of left ventricular failure need not absolutely
preclude attempted surgical correction of known coexistent mutral
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stenosis Insufficient expenience has been obtaned on this point, but
1t has not been proved that myocardial function will not mprove
after successful commissurotomy On the other hand demonstration
of hemodynamic left ventricular failure would appear to represent a
relative contramndication to surgery

Medical Treatment

The management of the patient mn the early stage of nutral stenosis
15 Targely supportive Exercise sufficient to produce symptomatic
elevation of the pulmonary capillary pressure should be avoided
Treatment of pulmonary edema, the end result of severe pulmonary
capillary hypertension, 15 discussed in Chapter 10 and mcludes (1)
measures aimed at shifting the blood from the lungs mto the systemc
vascular bed tourmquets and possibly ganglionic blocking agents and
(2) measures ammed at treating the pulmonary edema per se
morphine and oxygen under inspiratory positive pressure

The advent of atnal fibnllation alters the picture of mitral stenosis
in two particular ways In the first place a fibnllating atrium 1s very
apt to be the site of thrombus formation which may cause systemic
embolization A recent trend of suggestive but unproved value 15 t0
treat all patients with atnial fibrillatton with anticoagulants on a Jong
term basis In addition the rapid heart rate due to atral fibnllation
results 1n left atrial hypertension (sec above) so that the first bout of
pulmonary congestion may appear with the onset of fibrllauon
Although the fibrillation may be changed to normal smus rhythm
with quimdine, permanent restoration of regular sinus rhythm i
often difficult and a common approach 1s to control the ventriculat
rate with digitalis and not to be concerned about the presence of
fibnllation

There are two mam ndications for treating a patient having mitral
stenosis with digitalis Rapid atnal fibrillation 15 one Right ventncular
failure secondary to pulmonary hypertension 1s the other Pulmonary
congestive symptoms 1n the absence of fibrillation should probably
not be treated with digitalss, since they result from obstruction to the
flow of blood through the mitral valve and the degree of mutral block
15 unaffected by digitalizaton Hemodynamic studies have con
sistently revealed that digitalis 15 without salutary effect 1n patients
with mitral block and normal sinus thythm
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MITRAL INSUFFICIENCY
Pathophysiclogy

Often a bemign lesion, mutral msufficiency 1s characterized by a
loud systolic apical murmur This 15, however a common physical
finding and often not indicative of orgamic mitral msufficiency
Systolic regurgitation of blood through the mutral valve imposes a
hemodynamic burden on the left ventricle which may eventually
fal (Chap 4) Frequently however adequate compensation 1s
present and so a large degree of wmsufficiency may be tolerated with
out clinical symptoms

This lesion may cause an ncrease of the pressure n the left atrium
particularly during systole with resultant pulmonary hang
similar to those occurning in mutral stenosts These 1n tumn may lead
to pulmonary hypertension and night ventnicular failure identical to
that occurnng 1n mutral stenosis Under these circumstances the left
ventricular enlargement associated with left ventricular failure may
be hard to distinguish from nght ventricular enlargement Left heart
catheterization may be necessary to distingwish such a patient from
one with mitral stenosis

An uncommon result of mitral msufficiency is the development of
massive enlargement of the left atrnum This often occurs without
other hemodynamic complications and does not necessarily alter the
telatively bemign prognosis of mutral msufficiency The reason for 1ts
development 1t not clear perhaps 1t 15 related to the jet action of
the regurgitant blood hitting the atrial wall It may actually press on
the spme and produce back pamn Amputation though technically
feasible 15 rarely required

Treatment

The medical management of mitral msufficiency centers about the
treatment of left ventricular failure (Chap 4) It may be necessary
to curtail actiity n order to keep the forward flow requirements
within the imits of the laboning myocardium Digitalis should be used
for left ventricular falure Anticoagul may be ind d for the
treatment of patients with atnal fibnilation just as in matral stenosts
At the present time surgery for mutral insfficiency 1s largely in the ex

ploratory stage Defimtive operative correction may be possible m the
near future
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DISEASE OF THE AORTIC VALVE

Although the degree of aortic stenosis and nsufficiency may be
quantitatively assessed by left heart catheterization (Chap 2) su
greal treatment 15 at present of such dubrous value that a recom
mendation for surgery 1s generally based on the presence of sevete
symptoms Physiological study often plays little part in the evaluz
tion or treatment of a given patient, though left heart catheterization
15 probably essential before aortic valvulotomy n order to make sure
that aortic stenosis 1s present

AORTIC INSUFFICIENCY

Rheumatic fever or syphilis may lead to retraction of the cusps
of the aortic valve and to the development of valvular msufficiency
This means that blood regurgitates back from the aorta into the left
ventricle during diastole after the aortic valve has closed This causes
a charactenstic high pitched diastolic murmur to the left of the
sternum  As 1s the case with other valvular lesions, the mtensity of
the murmur bears no relationship to the degree of nsufficiency

The consequences of aortic msufficiency relate to the fact that
part of each left ventricular stroke volume flows backwards mnto the
ventricle during diastole The degree of regurgitation 1s dependent
upon the degree of cusp retraction Since blood enters the ventricle
both from the aorta as well as from the atrium during diastole end
diastolic volume 1s greater than normal and as predicted by the
Starling relationship (Chap 1) stroke work 1s mcreased Since the
mean arterial pressure 1s normal this means that stroke volume 15 11
creased As a result an adequate forward flow 15 maintamned

There 15 another )y 1on that an adequate for
ward flow 1 aortic msufficiency Phystological studies have shown
that the time of 1sometric contraction 1s shortened whereas the penod
of systolic emptying s increased Thus more of each systole 15 utilized
for the ejection of blood

In patients with aortic insufficiency the heart becomes hyper
trophied and presumably more powerful This chronic adjustment to
the 1ncreased flow load may permit mcreased stroke work at a normal
filling pressure Along with the adjustments mentioned above this
permits normal forward flow duning muscular exercise despite the
fact that a large fraction of each systolic ejection flows bachward
nto the ventricle
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The increased flow requirements i aortic nsufficiency are met
with surprising ease presumably by means of the adjustments
mentioned above Patients with a large amount of regurgitation may
fead normal lives for years Eventually left ventncular failure may
develop with elevation of left ventricular end diastolic pressure
pulmonary congestion and salt and water retention (Chap 4) When
thts complex of symptoms occurs 1t 1s often the result of coneident
aortic stenosis and/or coronary artery disease The latter 1s par
ticularly deleterious, since the hypertrophied heart of aortic wsuf
fictency requises increased amounts of coronary flow

Medical treatment of aortic wnsufficiency centers about the treat
ment of left ventricular failure when 1t develops That the advent of
heart failure may be postponed by avoidance of heavy actwaty 1s a
matter of debate Certamnly some patients lead active lives for many
years despite having this lesion but 1t 15 possible that mdulgence in
heavy activity may predispose to the eventual development of myo
casdial faslure (Chaps 4 13) A sensible approach 1s to restrict these
patients to a level of activity that they can tolerate with comfort

Surgical treatment of aortic msufficiency has until recently mvolved
msertion of a plastic Hufnagel valve mto the descending aorta thus
removing regurgitant flow from the vascnlar bed below the artificial
valve The procedure 15 at best palhative and 15 generally reserved
for those patients who exhibit evidence of a downhill course gener
ally a rapid one One possible 1ndication for such surgery 1s the onset
of angina pectors often an omunous prognostic sign Satsfactory
umprovement may follow surgery but more defimitive valvular pros
theses remain a real hope for the future

AQRTIC STENOSIS

The acquired form of this lesion may follow rheumatic valvulitis
or may be due to arteniosclerotic involvement of the aortic valve It
increases the work required of the left ventricle for ejection of a
normal volume of blood with each heart beat Blood flow through
the narrowed valve produces a charactenstic murmur and thril and
the aortic second sound 15 delayed or absent Characteristically the
artenial pressure shows a delayed rise with a low anacrotic notch
and the pulse pressure 1s narrowed But arterial pressure tracings are
not dingnostic

The adjustments to aortic stenosis have been outlined m Chapter 4
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(Obstruction to Ventricular Qutflow) and are somewhat sumilar to
those n aortic insuffictency Increased end drastolic volume causes
increased stroke work so as to maimtamn stroke volume through the
narrowed aortic valve In addstion, the period of isometric contraction
1s shortened and thus the longer penod of systoltc ejection provides
more time for ventricular emptymng The end diastolic pressure m the
left ventricle 15 elevated The myocardium may hypertrophy and thus
geterate a more forceful systolic contraction with each heart beat

Climieally and as shown by phystological study, aortic stenosts
represents a greater load on the myocardium than does aortic msuf
ficiency Generation of large pressures 1s more of a stress than 1
production of Jarge flows Patients with aortic stenosis are more apt
to develop left ventricular farlure and at an earler age than are
those with aortic msufficiency In addition syncope 1s apt to occur
This may be related to the coronary msufficiency which 1s particulaly
apt to occur mn patients havmg this lesion because of the mncreased
requirements for coronary flow to the hypertrophied left ventricle and
because of the fact that the mean aortic pressure, the coronary perft
sion pressure 1s reduced Any relaxation of the systemic vascular
resistance will produce hypotension and aggravate the coronary
msufficiency Syncope 1s a sertous prognostic sign and often the pre
cursor of sudden death

Medical management 15 similar to that outhned above for aofic
msufficency Unfortunately surgery 1s not much more effective that
15 surgery for aortic msufficiency Theoretically, surgical sphiting
of the valve commissures should be just as effective as surgery fof
mitral stenosis and pul tenosis In practice however, 1t 1
extremely difficult to obtam a satisfactory aortic commussurotomy 1
an adequate split 15 obtamed aortic nsufficiency 1s very apt to result
Abolition of the systohc pressure gradient 1s unusual and generally
only a small impr can be ach d This may be of value,
however and a patient with severe stenosis may achieve considerable
benefit from a very shight 1ncrease of the valve area

Since surgery 1s far from restorative 1t 1s reserved for patients with
symptoms such as syncope coronary imnsufficiency or left ventricular
failure Other patents should be managed conservatrvely until oper2
tive procedures are developed for defimtive restoration of the aortic
valve toward normal Since only symptomatic cases are genernll)’
considered for surgery there 1s Iuttle mdication for physiological study
1 the absence of symptoms On the other hand patients with Jeft
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ventricular failure and the physical signs of aortic stenosts should be
studied They may 1n fact be suffening from 1schemuc or other types of
heart disease and so physiological study should always be performed
preoperatively to make sure that the stenosis 1s hemodynamcally
significant and presumably, the cause of the symptoms

A special problem 1s posed by coexstent aortic and matral stenosis
If mitral commissurotomy 15 performed the imncreased diastolic flow
mto the left ventricle may be overwhelming and cause left ventncular
farlure As a result the surgeon must be prepared to attack the aortic
stenosss The preferred procedure 1s to perform aortic commussuro
tomy prior to nutral commussurotomy Patients with combined lestons
require much more critical selection for surgery than do patients with
erther lesion alone

DISEASE OF THE TRICUSPID VALVE
TRICUSPID STENOSIS

Though not common tricusprd stenosis 1s not as rare as was once
believed The result of rheumatic fever it 15 usually accompanied
by disease of the mutral valve The mmportant physical sign is a dias
tolic murmur just to the left of the sternum which 1s loudest during
mspiration This respiratory vanation of the diastohe murmur 1s not
present 1n mutral stenosis and 1s due to the fact that the rate of flow
of blood 1nto the chest 15 increased when the imtrathoracic pressure 1s
reduced by inspiration This 15 associated with increased flow of blood
across the tricuspid valve but not across the mitral valve Conversely
tricuspid but not mutral flow 1s decreased durmng expiration Diagnosis
1s made by measurmg a diastolic pressure gradient between the right
atrum and nght ventricle The major phystological consequence of
tricuspid stenosis 1s elevation of the right atrial pressure and thus
of the venous p with congestion (Chap 4)

Lukas and assocxates have presented evidence mndicating that the
presence of trcuspid stenosis protects the pulmonary capillanes
mn patients with coexistent mitral stenosis The pulmonary capillary
pressure appears to be lower in patients with combuned Iesions than
m those with a comparable degree of mutral stenosis alone This
Pprotection probably results from reduction of the cardiac output just
as pulmonary vascular changes may protect the lung capillaries by
ncreasing right ventricular work with a resultant decrease of cardiac
output On the other hand the mcreased right atral pressure accent-
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uates the tendency to edema formation, and hence this lesion 1s of
questionable benefit to the patient with mitral stenosis

TRICUSPID INSUFFICIENCY

Trcuspid msufficiency 1s usually the functional consequence of
dilatation of the right ventricle secondary to pulmonary hypertension
or pulmonic stenosis The major effect of the lesion 1s a further in
crease of the night atnal pressure, but the underlying cause of the
nght ventricwlar dilatation 1s far more senous than the trcuspid
nsufficiency per se

ISCHEMIC HEART DISEASE
TYPES

Ischemic heart disease develops when the oxygen supply to the
myocardial fibers 1s nadequate This condition occurs when the cor
onary blood flow 1s msufficient to meet myocardial needs Acute but
reversible madequacy of coronary flow generally induced by i
creased myocardial activity Itke that which occurs m muscular
exercise results 1n chest pam 1€ angma pectons Acute severe and
irreversible 1madequacy of coronary flow generally the result of
occlusion of one of the coronary arteries causes myocardial fafare
tion Chromic nadequacy of coronary blood flow may result 1 myo-
cardial fatlure Although all three conditions develop only after of
ganic reduction of the coronary artenal bed generally by arterioscle
10518 the degree of myocardial 1schemia 15 modified by myocardial
oxygen requirements arterial blood pressure and the artenal OYygen
content (Chap 4 Fig 15)

In this section the factors responsible for mamtenance of a normal
oxygen tension in the myocardium will be outlined methods avatlable
for mcreasing the coronary blood flow will be discussed and then
myocardial mfarction and failure will be discussed from the stand
pomt of therapy Although tests of cardiopulmonary function are
often of little value 1n the actual assessment of patients with 1schemic
heart dissase with the exception of those m myocardil failure
cardiopulmonary physiology has beanng on the pathogenesis and
treatment

CORONARY CIRCULATION
The amount of oxygen available to the myocardial fibers depend
upon the amount of oxygen m the arterial blood and upon the blood
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flow to the myocardum Hypoxemia (Chap 11) may accentuate
myocardial hypoxia but 1s rarely, if ever responsible for ischemic
heart disease If present as a contributing factor, it should be cor
rected

Ischemic heart disease 1s generally the result of reduction of the
coronary blood flow The latter 15 dependent upon the mean pressure
available for perfusion of the coronary bed the mean aortic pressure
and upon the size of the coronary arteries and arterioles offering re
sistance to blood flow (Chap 1 Mean Pressure Flow and the Volume
of Biood 1n the Circulatory System) Although the level of mean aortic
pressure 15 1mportant m mamtaming coronary flow ischemic heart
disease 1s almost always the result of reduction of the size of the per
fused vascular bed Systemic hypotension may aggravate myocardial
1schemia but unless severe probably does not by 1tself cause signifi
cant myocardial ischema

Normally the coronary arterioles are capable of dilatation and
constriction and therr caliber appears to be largely under the control
of the myocardral oxygen tension When as n muscular exercise, the
heart beats with increased force and consequent increased uptake of
oxygen tissue hypota causes vasodilatation This increases the coro
nary blood flow and restores the myocardial oxygen tension toward
normal The coronary vascular bed may be decreased by arterio
sclerosis so that at rest 1t 1s at the pomnt of maximum dilation Under
these circumstances vasodilatation does not occur during exercise
and myocardial hypoxia results If severe 1t 1s associated with angma
pectors

Occlusion of a branch of a coronary artery 1s followed by hypoxia
of the muscle distal to the pont of occluston The degree of infarction
beyond the site of the occlusion depends on the extent of pre existent
collateral blood vessels available to supply blood to the area distal
to the occluston The presence of a large collateral network such that
all myocardial fibers may receve blood from more than one artery
affords important protection against the development of myocardal
mfarction
TREATMENT
Measures Designed to Incrense Coronary Cirevishion

The most potent stumulus to the development of collateral circula
tion to the myocardium or elsewhere 1s reduction of the blood sup
ply to the tissues The neural or humoral factors responsble for the
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growth of collateral vessels are unknown and the study of this proc
ess 1s a fertile field for research

Many attempts have been made to increase the coronary collateral
circulation by surgery In general, most techniques seem capable of i
ducing approximately 10 per cent increase of flow to the supetficul
layers of the myocardium Whether or not this is of functional con
sequence cannot as yet be stated Such a collateral circulation may be
produced by rather minor surgical techmques On the other hand
convincing data are not at hand to say that the natural hustory of
coronary artery disease 15 1n any way affected by such surgery

A good deal of attentron has been given to the possiility that
muscular exercise 1s of benefit to patients with 1schemic heart disezse
Ecksten has shown that the collateral circulation developed faster,
after coronary occlusion m exercised dogs than m sedentary dogs
This might have application to human subjects except that the Jevel
of exercise was by human standards, excessive and the degree of
effect was not great The benefical effect of exercise on promotiog
collateral circulation which 15 ether of protective or of restoratne
value to the human ischennc heart remains to be proved

A number of vasodiator drugs are available for the treatment
of sschemic heart disease Many agents achieve coronary vasodilata
tion by mcreasing the work of the heart and hence by lowering
myocardial oxygen tenston This 1s obviously an undestrable modus
operand: but the net value of such drugs 1s indicated by ther clmeal
effectiveness 1 relleving angmna pectorss That they have a place 11
the management of myocardial failure due to 1schemic heart disease
cannot be saxd They appear to be of no value n patients with coro
nary occlusion presumably because the collateral vessels supplyns
the infarcted myocardium are already at 2 maximum size as @ result
of the very low myocardial oxygen tension mn the area which they
supply

Myocardial Infarction

The management of myocardial infarction 1s based on the principle
that the functional consequences of coronary occlusion must be de
tected and combated while the patient pursues a regimen of mmmal
actity to permut healing and restoration of circulation to the
damaged myocardum Unfortunately httle can be done to hasten
this process Until the mfarcted myocardium heals with firm scar
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tissue, which takes about two weeks, the patient 1s kept quiet to pre
vent excessive rise of intraventricular pressure Cardsac rupture has
occurred among nmates of mental nstituttons when the infarction
was not dragnosed and the pattents pursued their active daily routine

If myocardial nfarction 1s so severe as to produce heart failure
with pulmonary or systemic manifestations, treatment with digitahs
1s mdicated The treatment of shock accompanymng acute myocardial
mfarction has recerved a good deal of attention particularly with re
spect to the use of transfusion and pressor agents Neither of the
latter attacks the cause of the problem—the acutely failling heart
Both may raise the blood pressure particularly pressor agents but
that this 15 desirable cannot be stated with certamty Elevation of the
blood pressure leads to increased blood flow to the heart as well as to
the kidneys and other organs but it 1s not clear that the augmented
coronary flow 1s more than sufficient to meet the requirements of the
mcreased cardiac work Clmcally survival seems to be slightly more
assured with this type of treatment

A few words about the use of oxygen 1n patients with myocardial
infarction—what does 1t accomplish? It 15 probably indicated because
most people expect that 1t should be used and an oxygen tent em
phasizes the severity of the illness to the friends and relatives On the
other hand nspiration of 60 per cent oxygen the maximum one can
expect m a tent only serves to dissolve about 1 c¢ of oxygen i every
100 cc of plasma corresponding to about 5 per cent of the oxygen
already present m combination with hemoglobin This 1s certainly not
an impressive amount of oxygen However the partial pressure of
oxygen 1n the blood 1s rased considerably from 100 to more than
300 mm Hg This means that the tendency of oxygen to diffuse out
of arterial blood at the arteral end of the tissue capillary 1s greatly
augmented At least a few molecules of oxygen will be driven by
this hugh pressure head mnto the tissnes and this might be of import
ance to the mfarcted myocardium Angmal pam may be reheved by
otygen and there appears to be good reason to use oxygen in acute

coronary insufficiency It 1s probably indicated 1 myocardial nfarc
tion as well

Chrome Ischemic Heart Disease

Treatment of chromc 1schemic heart disease mnvolves (1) reduction
of the work of the left ventricle to a level which can be met satis
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factonly by the coronary cireulation (2) treatment of congestivg
heart failure by dwretics and digitahis (Chap 4), and {3) mprove
ment of the coronary circulation Vasodsator and surgseal therapy of
the latter have been mentioned Another approach surgteal or medical
1s to induce hypothyrordism 1n order to dummish the work Tequue
ments of the myocardium Although palliation of mtractable anginz
or congestive heart failure may be achieved by this means such
therapy s rarely necessary

It 1s frequently difficult to decide how much actwvity a patsent with
wehemie heart disease can tolerate When present angma pectons
serves as a gmde and levels of activity which produce chest pam
should be avended Patients without thys symptom should also avoid
levels of actwvity at which salt and water retention develop and which
are associated with dyspnea and/or fatigue Further research 1s neces
Sary mn order to deternune whether or not levels of activity not as
soctated with symptoms are 15 any way harmful and if so how the
harmful level of work may be determined

HYPERTENSIVE HEART DISEASE

Hypertension 15 due to mcreased systemuc vascular ressstance It
15 2 form of obstruction to ventricular outflow (Chap 2) and #t
causes mereased work of the Jeft ventricle The latter 15 achieved
both by mcerease of the end dastolic Ppressure m the left ventricle and
by left ventricular hypertrophy Hemodynamic studies have sndicated
that patients who do not have SIgns or symptoms of heart famlure
generally have normal myocardial function 1n terms of work per
formed at a gen filling pressure Ths s true despite the presence 1
some cases of a left ventricular strain pattern on the electrocandio
gram

Eventually as m aortie stenosis caexistent coronary artery disease
may lead to dmunution of coronary blood flow which must be ex
¢essne i order to mantam the high myocasdral requmrements for
oxygen Myocardial faulure may then develop Ths 15 certamly 5ot
mevitable but 15 more apt to occur m an individual having hyperten
sion than 1n a normotensie person since the former demands 50
much more of his coronary circulation order to mamntam a normal
myocardim Untsl the signs or symptoms of decompensation appear
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with digitalis 15 not d and probably should not be
used since digital the sy 1 and
artenal blood pressure

CONSTRICTIVE PERICARDITIS

The diagnosts of comstnictive pencarditis may be made from the
charactenistic clinical picture of persistent venous congestion m the
presence of a small heart d hed pulse p and d hed
cardiac excursion on fluoroscopy Hemodynamic studies have re
vealed information of basic 1nterest and practical value 1n the surgical
management of the disease Such data may occasionally be of diag
nostic value Such studies have shown that pericardial constriction m
terferes with cardiac function predominantly by hmiting the diastolic
expansion of the ventricles rather than by obstructing venous return
The ventricles are dered relatively As a result nor
mal iflow of blood causes an abnormal mse of diastolic pressure
Since end diastolic fiber size 1s subnormal cardiac contractions are
not as forceful as normal and systolic pressure 1s reduced This ac
counts for the small pulse pressure and dimimshed cardiac output
which are usually present

Since cardiac function 1s Iimited by the encasement of the myo
cardium 1 a fibrous sheath proper surgical correction requires
extensive freemng of the myocardium and not mere removal of the
pencardial bands around the atria and great vemns Properly per
formed surgery 1s followed by increased drastolic fillmg of the ven
tricles increased cardiac output and gratifying climcal improvement
Without satssfactory surgery the prognosts 1s grave

Hemodynamic studies may be of value 1n the differential diagnosis
of constrictive pencarditis They may be particularly helpful 1n ex
cluding myocardial failure and myocardral fibrosts Myocardial fail
ure may be excluded by the finding of no change or a fall of cardiac
output after the admimstration of digitahs Myocardial fibrosis hemo
dynamically a very similar lesion may be very difficult to distmguish
from constrictive penicarditis but constrictive pertcarditis 15 generally
assocrated with a higher mean atrial and end diastolic ventricular
pressure and a more charactenistic M or W pattern of the pressure
n the atnum
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HYPERKINETIC STATES

Diseases which have 1n common an abnormally high cardie out
put are classified as hyperkanetic states Of these, thyrotoicosss ase
mua  arteniovenous fistula (special examples of which are Pagets
disease and benben) and vasoregulatory asthema wall be discussed
here Rught heart faidure secondary to emphysema 15 discussed m
Chapter 6

THYROTOXICOSIS

In thyrotoxicosss, the wcreased tissue requirements for oxygen are
met by an increase 1n the eardiac output This 15 true both at rest and
dunng muscular exercise Although the systemic penpheral resistance
s reduced mean systolic pressure 1s generally elevated This mult
phed by the mereased cardiac output represents wmcreased work. for
the left ventricle

Systemie venous congestion may develop in thyrotoucosss but it
15 usually due to coexistent heart disease In uncomphicated thyrotout
cosis the mcreased cardiac output 1s not accompamed by undue
increase of the pressure 1n the atma even during muscular exercise
When the atial pressure rises additional disease such as wschemi
heart disease 13 usually present

Congestive heart failure and rapid atnal fibnilfation due to hyper
thyrosdism are best treated vath antithyroud therapy Digstalis may be
of little value untif the euthyroid state has been achieved at which
pomt it 15 no longer necessary unless other disease 1s present

An mteresting contrast 15 presented by hypothyroidism the patho
physwological opposite of hyperthyrodism  In this conditron the
reduced oxygen consumption 15 assocrated with a reduced cardiac
output Since the right ventricular end diastolic and right atrial pres
sures are normal the enlarged cardiac sithovette which may be evt
dent on x ray 15 usually the result of wschemic heart disease

ANEMIA

In anemsa the capacity of the blood for carrymg otygen 15 reduced
10 direct proportion to the degree of reduction of the hemoglobin
concentration As a result the artersal otygen content is reduced
Tissue oxygen requirements are met by mereased cardiac output
Yargely the result of imcreased stroke volume Since the penpheral
vascular resistance is reduced the work of both ventricles may be
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normal both at rest and during exercise Atnal pressures are normal
at rest and duning exercise and myocardial function 1s normat

However congestive heart failure may develop in anemi2 Sarnoff
has shown that, at moderate work loads ventricular function 1s ab
normal 1n anemic dogs Ths 1s thought to be the result of inadequate
myocardial oxygenation and it s reversed by bloed transfusion Con
gestive heart fatlure 1s particularly apt to develop 1n anemic patients
who also have ischemic heart disease Under these circumstances the
combned effects of a reduced coronary vascular bed and of reduced
arteral oxygen content may lead to abnormal ventricular function
Correction of the anem:a 1s an 1mportant step toward restoring ven
tricular function to normat

An 1nteresting finding 1o anemia 1s reduction of the arterial oxy
gen saturation Since this may be present even during oxygen breath
mg 1t 15 probably due to some form of nght to left shunt Some
wmvestigators have postulated that the shunt is the result of multiple
small artertovenous communications mn the lung The presence and
extent of these lesions remain to be proved

ARTERIOVENOUS FISTULA

Systemic artenovenous fistula may be a smgle lesion 1n which
case 1t 15 usually the result of a traumatic wound or many lesions
may be present The latter occur in the bone in Paget s disease and 1n
the skin m bember: The physiological consequence of all types of
fistula 15 the same a large amount of blood flows through the low
reststance fistula so that mantenance of adequate flow to the tissues
requres mcreased carcdiac output Physiological study has shown that
the cardiac output 1n such patients 1s ndeed elevated both during
rest and exercise

The congested state comphcating arteriovenous fistula 1s of great
mterest The cardiac output 1s increased and yet the hidneys retam
salt and water Epstemn has suggested that this 15 a form of dehydra
tion reaction that the filling of the systemic artersal bed 15 madequate
because so much blood flows through the fistula This decreased 1
travascular volume leads to renal retention of salt and water The
result 15 edema and venous congestion Data obtamed by Gregg and
Tus associates indicate that the congested state dogs with arterio
venous fistula 15 not due to cardiac failure These ammals have a
cardiac output which approaches the maximum seen 1 normal dogs



96 Clirucal Appl of Cardiopul 'y Physwology
HYPERKINETIC STATES

Diseases which have 1n common an abnormally high cardiac ot
Pput are classified as hyperkmnetic states Of these thyrotoxicosss ane
m  arteriovenous fistula (special examples of whick are Pagets
disease and berbers) and vasoregulatory asthema wilf be discussed
here Rught heart fanlure secondary to emphysema s discussed i
Chapter 6

THYROTOXICOSIS

In thyrotoxicosss the increased tissue requirements for oxygen are
met by an increase m the cardine output Thss 1s true both at rest and
durmg muscular exercise Although the systemc peripheral resistance
1s reduced mean systolic pressure is generally elevated This melt
phed by the mereased cardsac output represents mereased work for
the left ventricle

Systemic venous congestion may develop m thyrotoxicosis but it
1s usually due to coexistent heart disease In uncompheated thyrotoy
costs the increased cardiac output 1s not accompamed by undue
inerease of the pressure m the atma even during muscular exercise
When the atrial pressure rises additional disease such as ischemic
heart disease 15 usually present

Congestive heart fatlure and rapid atnal fibntlation due to hyper
thyroidism are best treated with antithyroid therapy Digstalis may be
of Iittle value until the euthyroid state has been achieved at which
pomt it 15 no longer necessary unless other disease 15 present

An interesting contrast 13 presented by hypothyrordism the patho
phystological opposte of hyperthyroidism  In this condstron the

duced oxygen ption 15 associated with a reduced cardiac
output Since the right ventricular end diastohe and night atrial pres
sures are normal the enlarged cardiac sithouette which may be evt
dent on x ray 15 usually the result of 1schemic heart disease

ANEMIA

In aneoma the capacity of the blood for carrying oxygen 1 reduced
m direct proportion to the degree of reduction of the hemoglobit
concentration As a result the arerral oxygen confent is reduced
Tissue oxygen requirements are met by mereased cardiac output
largely the result of wmcreased stroke volume Smce the penpheral
vascular resistance 1s reduced the work of both ventricles may be



Acquired Heart Disease 99

the hemodynamic abnormalities mn anxiety and in vasoregulatory
asthenia seem to be similar
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acutely loaded with an mtravenous mfusion Furthermore the casdir
output 1s not mcereased by the adminustration of digitabs

The congested state mn patients with artersovenous fistuly may not
be affected by the ad ration of digitalis Rehef requires suigial
excision of the fistula This 13 not wathout hazard The unmediate ef
fect of surgery 1s an mncrease of the blood pressure, due to the sudden
removal of the di d systems 1 The 1crease
blood pressure 1 foliowed by reflex bradycardsa In patients having2
dilated heart, the sudden ncrease of work load may be oyerwheln
mg and symptoms of congestive failure may ensue Subsequently 2
drurests will result 1 a return to normal if the patient can be tid-d
over the smmediate postoperatve materval Phlebotomy might be help-
ful at thus time

VASOREGULATORY ASTHENIA

Holmgren and assocsates have recently described a group of pa
tents with cardiac symptoms wathout climcal or physwlogical evi
dence of heart disease Charactenstically these patients displayed
reduced exercise tolerance and abnormal tachycardss during exeriion
Physiological studies at rest and exercise revealed normal mtracardiac
pressutes but increased cardiac output The latter was due t0 the
tachycardia and stroke volume was normal With physical condition
g the abnormal hemodynamics returned toward normal

This syndrome 15 thought to be the result of faulty regulation of
penpheral blood flow App ly there 15 madeg ited
tion m areas other than the muscles particularly durng exercise so
that adequate blood flow fo the exercising himbs requires an abror
mally high cardiac output This 1s brought about by tachycardia Be
cause of the abnormal peripheral vasoregulation much of the cardind
output 13 ' wasted by flowing to areas other than the muscles and s0
exercise tolerance 1s reduced This abnormahty appears o be revens
ble by physical tramming

1t 15 hikely that many p with latory asth acty
ally suffer from this abnormahty Such a diagnosis 18 suspected 1M
individuals with cardiac symptoms who show no chnreal evidence of
heart disease but who have tachycardia duning exercise The diagnosts
may be confirmed by finding 2 high cardiac output 1n the absence of
anemia, thyrotovicasss, artenovenous fistula or pulmonary disease I
may be difficult to distinguish this syndrome from anxwety ‘because
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CHAPTER 6

DISEASES OF LUNG AIRWAYS

Bronchial asthma, chromic obstructive emphysema and
bronch will be d d as d of the Jung awways Al
though each disease may be accompamied by other parnchymal
alterations the pnmary lesion 1n all three conditions 1s probably 1
the tracheobronchial tree The interrelationstups between the th ee
conditions are complex and not totally defined Emphysema may
compheate both of the other two disorders Chronic bronchitis a1
other disorder of the arrways and also a possible precursor of em
physema, has recewed too litle attention from the physiologecal
standpomnt to warrant extensive discussion It will be mentwoned 1
relationship to emphysema

BRONCHIAL ASTHMA

PATHOPHYSIOLOGY
Acute

Bronchial asthma 1s characterized by attacks of airway obstruction
These are due to bronchospasm edema of the bronchial mucosa and
hypersecretion into the bronchi During the acute attack spirometri¢
study reveals expiratory delay and usually reduced vital capacty
In severe cases the airway obstruction leads to hypoxema and caf
bon dioxide retention The residual volume of the lung 18 nereased,
because the narrowed arways prevent deep expiration Marked i
P of mixing of mspired air within the Jung may also be present
All of these abnormalities are present 1n emphysema However they
are reversible 1o asthma sn contradistinction to the permanent 1n
patrment found in emphysema In addinon the diffusing capacity of
the Jung 15 not reduced in uncomplicated asthma no matter how
severe the airway obstruction A low diffusing capacity 13 character
1stic of emphysema

102



Diseases of Lung Atrways 103
Chronie

Between attacks the asthmatic patient may be perfectly well with
out any abnormality of pulmonary function or a vanable degree of
bronchospasm may persist The latter causes exprratory delay on
spirometry ncrease of the residual volume of the lung poor mixing
of gases n the lung and hypoxem:a This situation may be difficult
to disngwsh from chromc pulmonary emphysema However, m
asthma there 15 marked vanability i the degree of physiological im
pairment from time to time more relief of the awrway obstruction
from bronchodilators than 1s seen m emphysema and a relatively nor
mal diffusing capacity of the lungs Measurement of the diffusing
capacity appears to offer the best single means of differentiating
asthma from emphysema

The phystological distinction between asthma and emphysema 1s
highlighted by the data m Table 2 The patients with asthma all ex
ubit marked vanability of airway obstruction as mndicated by the
wide range of values for miximal mid-expiratory flow rate (MM F )
a vanable degree of hypoxemia and CO: retention and a relatnvely
high diffusing capacity They have pulmonary hypertension which 1s
accentuated by exercise but which 1s not quite as severe as in emphy
sema

Physiological study 1s useful 1n evaluating the seventy of bronchial
asthma and in differentiating between asthma and emphysema In
addition the efficacy of various bronchodilators 1s readily evaluated
n the individual patient by spirometric study before and after admin
stration of the drugs

COMPLICATIONS

That asthma eventually leads to emphysema 1s a matter of some
debate Asthma 1s primanly a disease of women and children whereas
emphysema 15 most commonly found 1n older men Patients with
emphysema do not usually give a history of bronchial asthma and
many patients with Jongstanding asthma do not have the reduction of
the diffusing capacity or the permanent arrway obstruction character
1stic of emphysema It 1s Likely that the two are separate disorders
although asthma may become chromec and just as disabling as ob
structive emphysema

Death from bronctual asthma 15 unusual It results from severe
airway obstruction associated with mspissation of thick mucoid plugs
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1n the small airways Expectorants such as potassium 1odide may be
of value if given eatly

Rught heart fallure a serious complicatron of emphysema, 1s un
usual 1n asthma Its mnfrequency, reflected i the fact that pulmonary
hypertension 1s less common 1 asthma than i emphysema may be
due to the fact that alveolar capillary tissue 1s not destroyed in
asthma This 1s mamfest m the relatively normal diffusing capacity
As m emphysema hypoxemia may develop and mmtiate the cham of
events which leads to night heart failure But the relatively intact pul
monary vascular bed makes this complication quute rare

TREATMENT

The most effective form of therapy for acute bronchial asthma is
the administration of a bronchodilator Intravenous or subcutaneous
mjection of epinephnine rectal or mtravenous admimstration of
ammophylline or nebulization with 1soproterenol or other broncho
dilators 15 generally followed by prompt symptomatic improvement,
reflected 1n increased speed of expiration on sprrometry In severe at
tacks nebulized bronchodilators may be of little value because the
medication does not get down 1nto the areas of bronchospasm Under
these circumstances admumistration of the drug by inspiratory pos:
tive pressure may give prompt rehef Large doses of sterords will gen
erally terminate an acute attack of asthma within 48 hours

Therapy of chronic asthma involves elmination of agents that pro
voke bronchospasm and the use of bronchodilators Steroids may be
used 1n refractory cases Vagotomy has been recommended by some
but asthma can generally be controlled by medical threapy and sur
gery 1s rarely necessary

CHRONIC OBSTRUCTIVE EMPHYSEMA
PATHOGENESIS

Obstruction of the small airways 1s probably the primary lesion
chrome obstructive emphysema Fragmentation and rupture of the
alveol are also present The interrelationship between these two
processes the atrway obstruction and the parenchymal destruction 15
not entirely clear Some feel that airway obstruction causes parenchy
mal destruction some hold the oppostte view and others feel that the
two are unrelated Agamst the first posstbility 1s the fact that chrome
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asthma 1s not necessarily followed by the development of emphysema
However the bronchiolar disease which causes emphysema 1s different
from the spasm of large airways charactenstic of asthma In support of
the second hypothests Dayman has pomted out that loss of lung pa
renchyma deprives the airways of the elastic support which helps fo
hold them open This causes the airways to collapse during exprration
when the positive pressure in the chest 1s unopposed by the retractive
forces of normal lung parenchyma Although this mechamsm 1s un
doubtedly of importance 1n mecreasing the arrway obstruction 1 pul
monary emphysema, the primary abnormality probably lies m the
awrways

Recent pathological studies have suggested that the primary ab
normality 1n emphysema les 1n the small airways or bronchioles Al
though obstruction of large arwrways does not lead to fragmentation
and rupture of alveol: alveolar destruction 1s generally found i areas
1n which there 1s also evidence of bronchioliis McLean has suggested
that bronchtolitis leads to obstruction or dilatation and eventually 1o
disappearance of these small awrways The alveoll distal to the
occluded or absent bronchioles become ventilated by collateral
channels through the pores of Cohn This process 15 more effective
dunng mspiration than duning expiration and so air enters but fails
to leave the alveoli which as a result become dilated and eventually
rupture perhaps during a cough This concept 1s particularly interest
g 1n connection with the apparent clinical association between
chronic bronchitis and emphysema According to McLeans ob
servations obstruction of the small arrways with mucous plugs 1s 8
common accompamment of the frequent respiratory infections which
plague most people Normal individuals can expel these plugs by
coughing and thus prevent secondary emphysema Patients with
chronic bronchitis may have lost the cleansing ciliary action of the
bronchal mucosa and may be particularly prone to develop frequent
and irreversible bronchiolar obstruction On the other hand there
1s some evidence suggesting that patients with chronic bronchitis
who have shortness of breath because of chronic airway obstructiof
do not have the reduced diffusing capacity charactensstic of emphy
sema whereas patients with simlar shortness of breath and airway
obstruction who do have a low diffusing capacity do not give a history
of chromc bronchitis It 1s possible that true emphysema follows 2
generalized  severe bronchiolitis  perhaps apparent clinically only
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asa cold or the flu whereas chrome bronchitis even when as
sociated with airway obstruction and dyspnea does not necessarly
lead to emphysema Although the weight of evidence favors the
hypothesis that emphysema 15 related to bronchiolar pathology its
relation to bronchitis 1s not clear and convincing exposition of the
pathogenesis of the disorder awaits the results of sequential phys:
ologic studies on patient from early until late 1n the development of
the disease

PATHOPHYSIOLOGY
Asrway Obstruction

The pathophysiology of pulmonary emphysema follows from the
two basic abnormalities the persistent airway obstruction and the
loss of lung parenchyma Obstruction of the small airways makes it
difficult to move air 1 and out of the Iung Tlus 15 reflected 1n a
slow rate of aflow on spirometry Pparticularly duning expiration
During a forced expiration the expiratory impediment becomes more
severe as the patient blows more and more air out of hus Jungs As
the lung gets smaller the obstruction to expiration increases This
causes reduction of the maximal mid expiratory flow rate (MMF )
and of the timed vital capacity and also explains why the lungs are
ovennflated 1n emphysema It 1s easier for the patient to breathe
with tus lungs inflated than collapsed

The work of breathing 1s so great in emphysema that patients
choose a level of alveolar ventilation which 1s subnormal relative to
their metabolic needs They prefer not to do the large amount of work
that would be necessary if they were to move normal amounts of air
m and out of their alveolt The result 1s elevation of the alveolar
carbon dioxide tension and reduction of the alveolar oxygen tension
Thus 15 one cause of the hypoxemia and CO; retention characteristic
of emphysema Dyspnea the ¢ of h 15
also related to the mcreased work of breathmg {Chap 12)

loss of tung Parenchyma

Loss of lung parenchyma 15 reflected m reduction of the diffusing
capacity of the lung and i d pul ry vascular
The diffusing capacity 15 a reﬂecnon of the number of alveolar
capillanes present 1n the lung and 1t 1s reduced when the alveok be
come fragmented and destroyed Although impared diffusion may
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accentuate the hypoxemra 1t 1s of shight conscquence 1n other respects

Destruction of alveolr 15 also assocrated with destruction of small
pulmonary blood vessels This causes ncreased pulmonary vascular
resistance, the mamn cause of pulmonary hypertenston mn emphysema
The pulmonary artery pressure 1s only shghtly elevated at rest, butt
ncreases markedly during exercise As powmted out in Chapter 2,2
marked reduction of pulmonary vascular resistance may be associated
with only slight pulmonary hypertension when the cardiac output 15
normal However, exercise leads to a marked increase of the pul
monary artery pressure when increased amounts of blood pass
through the restricted nexpansile vascular bed

Hypoxemia and Carbon Dioxide Retention

As mentioned above, one cause of hypoxemra and CO, retention
m emphysema 1s reduction of alveolar ventdation The hypoxemd 8
accentuated by the mpawred diffusion The third cause of artenal
blood gas abnormality 1s the most impostant poor mixing of blood
and gas m the lung Because of the variability of the degree of arrway
obstruction and of the loss of lung elasticity from place to place 1
the lung some areas are ventiated quite well whereas other areas
are not ventilated at all In addition, the degree of loss of pulmonary
capillaries varies from place to place 1n the lung Thus some alveol
recewve large amounts of blood and others receive very little Since
the areas that are hyperventilated are not necessarily those that ar
overperfused and since the hypoventilated arcas are not necessarly
underperfused, there 1s marked variability of the ventilation per
fusion ratios 1n vanous parts of the lung Some alveoli have a high
oxygen content whereas others have a very low oxygen content This
1s the major cause of hypoxemia in pulmonary emphysema (Chap
i)

Increased Residual Volume

As mentioned above 1t 1s easier for patients with emphysema to
breathe with therr lungs inflated than i the normal partially
collapsed posiion That 15 why they have chronic ovennflation of
their lungs and the volume of air left m the lungs at the end of 2
normal exprration the functional residual capacity 1s mncreased

In addition 1t 1s impossible for these patients to empty ther lungs
normally with forced expiration Airway obstruction becomes worse
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as the pattent breathes out It eventually becomes complete As a
result the volume of air left in the lung at the end of a maximal ex
piration the residual volume, 1s far mn excess of the normal 25 to 40
per cent of the total lung capacity

The 1ncrease of these components of Iung volume (functional
residual capacity and residual volume) 1s a distinctive feature of pul
monary emphysema but by atself 15 of little functional consequence
The symptoms and physiological abnormalities of emphysema are not
related to these physical charactenstics of the disease However the
mncreased residual volume s associated with impawred mixing of m
spired gas within the lung This leads to uneven alveolar ventiation
which as mentioned 1s a major cause of hypoxemia But the
magmitude of the lung volume per se bears no relationshup to arterial
blood gas composition (Chap 1)

Table 2 shows the average values for some aspects of pulmonary
function 1n emphysema In general there 1s homogeneity among these
patients 1n respect to therr pulmonary function They all have a
sumlar degree of severe 1ntractable airway obstruction, as reflected mn
the low MM F They have moderate hypoxemia and CO retention
2 low diffusing capacity a large residual volume of the Iung and
pulmonary hypertension which 1s moderate at rest but quite severe
durning exercise

COMPLICATIONS

These patients may continue 1n a state of severe physiological
tmpairment for many years Figure 17 shows the sequential data
obtained on one patient with emphysema Over a 2% year period
there was little progresston of disordered pulmonary function Indeed
there was little variation of ventilatory function from month to month
Thus state of chronic disability 15 apt to be punctuated by episodes of
acute respiratory distress usually the result of infectton which cause
temporary mcrease 1n the functional abnormahties These should be
treated promptly and vigorously

Right Heart Failure

A serous but bl phcation of emp! 1s right heart
failure Ths 15 causally related to hypoxema and 1s always associated
with a very low artenial oxygen saturation and marked CO retentron
Pulmonary vascular resistance already tugh because of destruction
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of artertoles 1n the lung, 1s ncreased by hypoxemta This may be due
to a direct effect of hypoxia on the pulmonary arterioles It 15 also
due to the secondary polycythemia which increases resistance by m
creasing the viscosity of the blood In addition hypoxemra causes an
mcrease of the cardiac output This adjustment 1s necessary if the
tissues are to recewve adequate amounts of oxygen in the face of 2
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reduced artertal oxygen saturation All these factors contribute to the
development of severe pulmonary hypertension which places an 0
creased work load on the night ventricle This 1s met by elevation of
the end diastolic pressure 1n the night ventricle (Chap 4), which
leads to venous hypertension and eventually to salt and water
retention

Patients with right heart fatlure due to emphysema usually rcspﬁﬂd
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very well to treatment Digtalts may cause an increase of the cardiac
output even 1f 1t 1s high before treatment, and reduction of the
venous pressure An even more important aspect of therapy 1s elimina
tion of the hypoxemia by overcoming the underlying airway obstruc
tion with bmnchodxlators and antibiotics Oxygen may be given
fully pref ly in bination with mspiratory positive pressure
so as not to mduce respiratory depression (Chap 10) Phlebotomy
15 indicated when polycythemia 1s present i order to reduce the
viscosity of the blood and hence the pul y )
Fmally, dwretics are used as in any type of congestive heart failure
So far the phrase cor pulmonale has not been used Cor pul
monale 1s defined as dilatation hypertrophy or failure of the nght
ventricle because of chronic pulmonary disease  The term 15 of very
httle climical value A patient with emphy has cor pul
when the night ventricle becomes hypertrophied But this may not be
obvious climcally and 15 indeed of httle clmical consequence On
the other hand the degree of pulmonary hypertenston and the
presence or absence of signs of night heart farlure are of climcal 1m
portance The term cor pulmonale should be reserved for use by the
pathologist bemng used by the clinician only as a reflection of his
anticipation of a postmortem finding Terms such as right ventricular
fallure  the congested state and pulmonary hypertension are
much more meaningful 1n the chinical assessment of the effect of pul
monary disease on cardiac function

Alveolar Hypovenhlation

Another comphcation 1s alveolar hypoventilation Chromic alveolar
hypoventilation 1s more or less the rule in emphysema A mild degree
1s usually of no great consequence to the patient and can be well
tolerated for long periods of time The hypoventilation 1s due to an
increased dead space so that less of the tidal volume reaches the
alveoh and to the fact that the patient with emphysema has to do ex
cessive work to move air mn and out through the narrow arways He
chooses a subnormal level of alveolar ventilation rather than do the
large amount of extra respiratory work which would be required to
Tamtamm a normal alveolar carbon dioxide tension In addition an n
Crease of the alveolar ventilation requires so much work from the
Tespiratory muscles that the resultant mcrease of CO production
may more than outweigh the increased alveolar ventilatton Hyper
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ventdation may actually cause elevation of the alveolar carbon
dioxide tenston

Alveolar ventilation becomes further reduced 1 acute respuratory
msufficiency assoctated with infections The resultant CO; retention
may lead to lethargy and to depression of the respiratory center
with even further depression of ventilation Thus 1s particularly true
if the accompanying hypoxemia a major stimulus to respiration S
elmmated by having the patient breathe oxygen The most beneficsal
treatment of this condition allows an ncrease of the alveolar ventda
tion This 1s achieved by improvement of the underlymg amrway ob
struction and by mechanical ventiatory ads The former mvolves
bronchodilators 1n order to reduce bronchospasm, antibiotics @
order to reduce iflammation of the bronchial mucosa and coughtg
to remove airway obstructing secretions Severe cases may requit
bronchoscopy and/or tracheal asprration Mechanical ards include m
spiratory positive pressure (IPPB) to assist the patent to mspure
deeply and 1 advanced cases of ventilatory mnsufficiency 2 respiatof
The latter 1s usually not necessary swmnce satisfactory improvement
generally follows the use of bed rest, bronchodilators 1PPB and
antibiotics On the other hand, one should not hesitate to use &
respirator when a patient with alveolar ventilatory msufficiency B
comatose

TREATMENT

Management of the patient with chronic pulmonary emphysem3
centers about bronchodilators prompt treatment of upper respiratory
infections and avordance of mnhalation of substances which ntate
the tracheobronchual tree Cigarette smoking has been shown to 1
crease the airway obstruction in patients with emphysema although
normal subjects are not affected With these measures some symp-
tomatic tmprovement usually occurs and progression of the disease
may be prevented

A number of other therapeutic measures have been advocated for
restoration of the mpaired pulmonary function toward normal Most
of these have proved to be disappomntmg but some of them il be
discussed brefly

The benefit ascribed to pneumoperitoneum 1s based on the notio?
that elevation of the diaphragm to its normal position should restore
1ts mechamical efficiency Contraction of the low diaphragm of the
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patrent with emphysema may decrease rather than increase the size
of the thoracic cavity Restoration of the diaphragm to a higher
position mught restore its effectiveness Indeed, pneumopentoneum
1s wsually followed by improvement of draphragmatic function on
fluoroscopy, 1mproved mxing of gases in the lung and mproved
artenal blood gas composition but symptomatic smprovement 1s often
lacking  Despite ats e P per 15 worth a
trial 1 the disabled patient

There 1 a sound rationale for the use of breathing exercises
emphysema Symptomatic improvement may follow their use They
have three major purposes (1) trammng of the abdominal muscles to
foree the diaphragm up dunng expiration and down duning inspira
tion (2) relaxed expiration to minumize the expiratory obstruction
induced by forceful expiratton and (3) prolonged exprration to
empty the lungs as much as possible In additton enthusiastic urging
of a therapeutic measure which requires the patients ime and effort
has desirable psychological effects For details about the techniques
of breathing exercises and of ancillary ventilatory aids the reader
should consult the publications of Barach and of Miller

Except for excision of bullae which are actually compromising
function by pressure on adjacent lung surgery has hitle if anything
to offer the patient with emphysema The concept that one can with
benefit safely excise mactive areas of diffuse emphysematous change
appears to require more confirmation by defimtive studies Recently
interest has been aroused in tracheostomy, or a tracheal fenestration
operation to promote aspiration of secretions from deep withim the
arways Such treatment has not recerved adequate physiologic
evaluation at this time

As m most types of chronic disease the patient with emphysema
eagerly desires unprovement and 1s apt to feel better after each new
form of therapy The physician must evaluate each new therapeutic
measure with caution Demonstrable improvement of pulmonary
function should be a prerequisite to the general adoption of any new
therapeutic measure particularly 1f 1t mvolves risk to the patient

BRONCHIECTASIS
Bronchtectasss stands i distinet contrast to asthma and emphy
sema m that extensive abnormalities are often associated with little
disorder of pul y fi Considerable function may remamn
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ventilation may actually cause elevation of the alveolar carbon
dioxide tension

Alveolar ventilation becomes further reduced 1n acute respiratory
msufficiency associated with infections The resultant CO: retention
may lead to lethargy and to depression of the respiratory center,
with even further depression of ventilation This 1s particularly true
if the accompanying hypoxemia, a major stimulus to respration, &
ehiminated by having the patient breathe oxygen The most benefical
treatment of this condition allows an mcrease of the alveolar veatl2
tion This 15 achieved by improvement of the underlyng arway ob-
struction and by mechanical ventilatory aids The former mvolies
bronchodilators 1n order to reduce bronchospasm, antibiotics, 1t
order to reduce mflammation of the bronchial mucosa, and coughing
to remove awrway obstructing secretions Severe cases may require
bronchoscopy and/or tracheal aspiration Mechanical aids mclude 1
sprratory posttive pressure (IPPB) to assist the patient to mspire
deeply and, 1n advanced cases of ventilatory nsufficiency, 2 respirator
The latter 15 usually not necessary since satisfactory mprovement
generally follows the use of bed rest bronchodidators, IPPB, and
antibiotics  On the other hand, one should not hesttate to use 2
respirator when a patient with alveolar ventilatory nsufficiency 1
comatose

TREATMENT

Management of the patient with chromc pulmonary emphysema
centers about bronchodilators prompt treatment of upper resprratory
infections and avoidance of mhalation of substances which rritate
the tracheobronchmal tree Cigarette smoking has been shown to 1
crease the airway obstruction in patients with emphysema, although
normal subjects are not affected With these measures some symp-
tomatic inprovement usually occurs and progression of the diseast
may be prevented

A number of other therapeutic measures have been advocated for
restoration of the imparred pulmonary functron toward normal Most
of these have proved to be disappomnting but some of them will be
discussed briefly

The benefit ascribed to preumopentoneum 1s based on the notion
that elevation of the diaphragm to its normal position should restore
1ts mechanical efficiency Contraction of the low diaphragm of the
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EMPHYSEMA
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even 1 areas of lung involved by extensive bronchiectasts Dilataton
of the larger airways need not affect the ventilation and pecfusion of
the alveolt the important factors 1n pulmonary function In addition
expansion of the collateral circulation to bronchectatic areas pre
vents hypoxemia (Chap 8) Functional limtation only occurs ff the
disease 1s extensnve and assoctated with pulmonary emphysema or
with diffuse bronchospasm

Bronchiectasis poses a problem because of repeated mfectton and
hemoptysis clear cut ndications for surgery It should be borne 1
mund that resection of a bronchiectatic segment will 1n most nstances
deprive the patient of some functiomng lung On the other hand
resectional surgery 1s well tolerated 1n this disease because the func
tion of the remaming lung tissue 1s generally normal

In connection with the radiographic diagnosis of bronchiectass
the studies of Blach and Roos are of mterest These worhers haie
shown that the admimistration of Lipiodol for bronchographtc study
has no deleterious effect on respiratory gas exchange Thus the
presence of pulmonary emphysema or of other types of respiratoy
wmsufficiency need not be a deterrent to the performance of bronchog
raphy
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process. On the other kand, diffese fibrosts of the shealic wally
which may reselt from the mhalaton of benlium or from
radiztion, szreodosss alveolar cell carcimoma (ad*nomatoaw)  of
unknown camses such as the Hamman Ruch svndrome may e &y
sociated with imle abrormality on xray but with profound
parment of diffusion across the alveolar walls the svndrome of
alveolar-capillary block. If each aheolar wall 15 thickened to three
tumes its normal diameter the resultant mmpairment of diffusion »
much greater than if one of three alveoh 1s completely obliterated
by fibrous tissue  Elmmmnation of one third of the lung if the rmun
Ing tissue s normal, can be well tolerated wherews generalized i
volvement, albert less obvious 1 any one place 1s MOre serous

Hyperventilation and Impaired Diffusion
Diffuse fibrosis of the alveolar walls regardless of etiology may
cause very little impairment of ventilatory function but hyperventila
tion and mpaired diffusion of oxygen are generally present The
nz
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hyperventifation, which 1s probably of reflex origin causes reduced
artenial carbon dioxide tension both at rest and dunng exercse
Dyspnea 15 commen n these patients and probably 1s the result of the
hyperventilation plus reduction of lung comphiance (Chap 12) Tt
mmpaired diffusion may not be severe enough to cause hypovems,
since the diffusing capacity must be greatly reduced before the artenal
oxygen saturation falls signtficantly (Chap 11) However o by
poxemia 1s present, 1t 1s greatly mcreased by exercise and completely
relieved, even during exercise by oxygen breathing

Although one may suspect diffuse pulmonary fibross as the caws®
of dyspnea on the basis of hyperventilation and diffuse x ray changes,
definitive dtagnosis requires meastrement of the diffusing capacity of
the lungs There 1s a tarly good correlation between the seserity of
dyspnea and the degree of reduction of the diffusing capacity and
a normal diffusing capacity tends to exclude sigmficant pulmonary
fibrosts as a cause of shortness of breath Measurement of the diffus
mg capacity may prove to be of value mn the assessment of pulmo-
nary fibrosis due to mdustral exposure to mhaled srritants

Venhlatory Function

As mentioned ventilatory function may be normal i pulmonary
fibrosis  but severe mvolvement leads to general reduction of lung
volume of which the most easily measured subdwvision 15 the wital
capacity Vital capacity 1s reduced m direct proportion to the extent
to which fibrous tissue replaces air contamung spaces and prevents
Iung expansion The typical spirometric picture i pulmonary fibross
15 reduction of the vital capacity without expiratory delay The 1
creased lung stiffness and repl. of air ¢ tissue Dy
fibrous tissue does not lead to airway obstruction and so air may be
moved rapidly n and out of the tracheobronchial tree The maximal
breathing capacity may be relatively normal because the patient can
breathe small volumes very rapidly Timed vital capacity and maxt
mal mud exprratory flow rate (MMF ) may also be relatnely
normal

Diffuse fibrotic mvolvement of the aurways may cause aurway
obstruction but such 1s more often the result as in sarcoidosis of
compression of the aurways by enlarged Iymph nodes Pulmonary
fibrosis does not necessanly lead to emphysema and the common us®
of the diagnostic term fibrosis and emphysema” 1s to be deplored
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The two diseases may be associated, but they are very different phys
1ologically and pathologically However, fibrotic occlusion of small
arrways may lead to emphy Figure 18 rep the sequential
development of a bulla in the left upper lobe of a patient with diffuse
fibrosis due to sarcord Rupture of the bulla and collapse of the Iung
was the eventual cause of death i this patient, who had lived with
evidence of nght heart failure and with a wital capacity of only 600
cc for more than two years

Pulmonary Hyperttension

In addition to reduction of the diffusing capacity reflex tachypnea
reduction of Jung volume, and increased lung stiffness diffuse pulmo
nary fibrosis may cause reduction of the pulmonary vascular bed
by destruction and narrowing of the pulmonary blood vessels Ths 1s
a late development which leads to wrreversible pulmonary hyperten
sion and eventually nght heart failure That this need not occur 15
evident from the data n Table 3 in which 1t may be seen that severe
reduction of the diffusing capacity may be present without pulmonary
hypertension even during exercise Apparently, fibrosis may mvolve
the alveolar walls without compressing the blood vessels Reduction
of the diffusing capacity precedes the development of pulmonary
hypertension The reverse mught be expected n primary disease of
the Iung blood vessels (Chap 8) The pulmonary hypertension mn
pulmonary fibrosis 1n contrast to that present in emphysema 1s rela
twvely fixed and does not result from hypoxemia

SARCOIDOSIS
Hilar Adenopathy

Sarcoidosts may produce a vanety of functional disturbances and
the extent of physiological mpairment 15 a gwde to the need for
steroid therapy The most common form of sarcoidosis hilar adenop
athy s generally without functional effect and does mot require
therapy As mentioned above 1t may occasionally cause arrway ob
struction but spontaneous remussion 1s the rule and there 15 some

question as to whether or not sterords are of any value 1n this form
of the disease



uasa d 1 150 51 BFILXD A
s oy Jo wo NP J0 pus mowuRledAY Areom|nd jo sarRap uﬁszw ® 1 2393 pus 255 ..—“..%”.,_ poonpal s1 »a_.o_awdu:%:._ﬂ.w_w% uh.aa:
6 3L i/08 99 16
oF & &g co /58 L 08 ww ﬁww angjed
8 a/98 ve 29 98 3 Rt od
1 6L 099 /99 6¢ 8L 3
00 6 05/96 LA %8 o T proes sn
88 1 8 wy 81/85 0 i -
(8 16 44 kL5 plodts;
2] 12 th e . . o
2
00 1 153 prodaw,
wo | e | BE | W | o3n |mopow o T 00
& e L 88 4 19y oqL, 54
9L 3 oy 00 ¥ /61 g ﬁ MN o ot
3L 6 01/2¢ X 18 o s proes nd
90 ¥ 99 08 § 8/9% L3 1 % a
6 88 sy QL aam
(908 fsuap) Awwv (sfosopy | (0 way | opp wuy | ) O ey
AH 7 mdno sanssoud ww/gn 92 s °d kid
04 owpany we wmg | doo foq o 36y reoutnd el

pooyg Hy

TVLIdSOH SANVISSYYD) Ly AAIANlS SISO¥aLy AIVNOWTIN 20 SASYD
L NI NOLLONNJ AYYNOWTINQOIAUYD) 40 SAANIG 40 SLINSAY € AIAVE,



Diseases of the Lung Parenchyma and Chest Ball
Alveolar Capiltary Black

s

Diffuse pulmonary nvolvement with alveolar-capiilary
be phvsiologically mndist hable from the ¥ Rucl
and from pulmonary adenomatosss Jt 15 a defimte ind
sterod therapy Cases have been reported—Figure 19 15 ¢
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—m which the ventilatory and diffusion abnormalities were com
pletely reversed after the admunistration of sterods Smee remussions
may occur spontaneously 1t 15 not possible to be certan that sterouds
caused the mmprovement 1n these patients, but expenence to date
suggests that 1f given early mn the course of the disease, steroids may
matenally mprove pulmonary function If given later when the
granulomatous pathologic changes have been replaced by fibrous ts
sue, improvement may be mummal or absent It 15 important 10
evaluate pulmonary function in patients suspected of having diffuse
pulmonary mvolvement so that, 1if diffuston 1s imparred steroids 2y
be given earlv when there 15 a chance of their being effective

Isolated Parenchymal Lesions

An uncommon form of sarcoidosis consists of conglomerate, af
fuse snowball densities throughout both lung fields on x ray Such
patients may have no symptoms and normal pulmonary functon
despite the presence of large lesions 1n each lung There 1s 0o need
for sterords 1 patrents of thus type

TUBERCULOSIS
Effect on Pulmonary Function

Although ventilatory studies have been performed on large num
bers of patients with pulmonary tuberculosss, the effects of this dis
ease on other pulmonary functions and the modification of these
effects by chemotherapy and by steroids, remam to be defined
Localized disease 1s, from the functional standpoint of hitle conse
quence But the effect of extensive tuberculos:s on pulmonary functiof
15 of great consequence Despite X ray and chinical remussion, patients
with such disease may develop crippling pulmonary fibrosis and/or
emphvsema It 1s important to learn whether or not these complicd
tions may be prevented by sterowds

The mechanism of the development of emphysema 1s not clear
It may occur in patients whose disease appears to be restricted to the
upper lobes Yet upper lobe retraction should not of 1tself cause af
fuse pul y emphy It 1s possible that pected extensnt
nvolvement of the small aurways by the acute snfection 1s responsibie
This pcture may become clanfied by long term studies of vanous
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aspects of pulmonary function mn patients with pulmonary tubercu
loss

Oxygen and the Tubercle Bacillus

A different aspect of respiratory physiology has bearing on the
pathogenesis and treatment of tuberculosts The tubercle bacillus
requires oxygen for its growth and fails to survive m oxygen poor
milien Pulmonary tuberculosis 1s rare at high altitudes Also disease
1s apt to develop in areas of the lung that receive relatively more
ventilation than perfusion with blood and hence contam a relatively
high oxygen tension eg the upper lobes of the human or erect
rabbit or the dorsal segments of the cow In addition Olson and
associates have shown that ligation of a pulmonary artery predisposes
to the develop of tut losis 1n the seg of lung deprived of
1ts pulmonary artery and i which as a result the alveolar air 15
similar 1 composition to room air There may have been some ment
1 the establishment of samtora at high alntudes and there 15 phySl
ological reason for the clinical mf on that p y tub
1s particularly apt to develop m children with congenutal heart dis
ease and left to right shunts which serve to elevate the oxygen content
of the blood 1n the pulmonary artery

BULLOUS EMPHYSEMA
C N

vs Bullae

Bullous emphy 15 often indist ble from lung cysts
Whether 1t develops from localized partial bronchial obstruction or
from pnimary destruction of lung parenchyma cannot always be deter
mimed Some bullae commumcate freely with the tracheobronchial
tree and are apparently degenerative n orgin whereas others are
assoctated with expiratory obstruction withmn the awrway leading to
the bulla Such a bulla may be under considerable pressure since air
can get 1n but not out and it may compress adjacent lung tissue and
render 1t functionless

Nitrogen dilution curves may differentiate between communicating
and relatively noncommunicating bullae The former produce delayed
washout of mtrogen from the lungs during oxygen breathing whereas
poorly ventilated bullae produce hittle abnormality of mitrogen dilution
curves since they are almost totally excluded from participation m
ventilation and cannot affect the composition of expired air
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Abnormal Pulmonary Function

Although bullae may develop 1 chronic obstructive emphysema
bullous emphysema appears to be a different disease, 1n that general
1zed arway obstruction 1s absent A low diffusing capacity has been
found 1n a few adults with this condition This suggests that there 15
< generalized loss of parenchymal tissue of which the bullae perhaps
because of supenmposed airway obstruction are but one mamifesta
tion Despite the low diffusing capacity, pulmonary hypertension
does not appear to be a problem m this disease and patients may Iive
for years without symptoms On the other hand they may develop
chronic obstructive emphysema and all of its complicattons (Chap
6) Spontaneous pneumothorax 1s often a presentmg symptom

Surgery

The mdications for surgery m this disease are spontaneous pneu
mothorax and compression of adjacent lung Opimions vary as to
when to excise a bulla for pneumothorax since many patients have
a single episode without recurrence Furthermore the bulla may not
be demonstrable on < ray However, several episodes of lung collapse
are a sufficient indication for surgery This may take the form esther
of resection of the bulla or of scanfication of the pleura as with
talcum powder so as to keep the lung from falling away from the
chest wall at the time of pneumothorax Talc poudrage 1s not followed
by significant 1mparrment of pulmonary function on the affected side
and usually prevents further episodes of lung collapse

Compression of adjacent lung tissue 15 another indication for
surgery Unfortunately, bullous emphysema 1s often a localized mant
festation of generalized disease so that surgical excision of one bulla
may be followed by the appearance of another Nesertheless if 2
bulla 1s causmg obstruction of adjacent lung resection 1s mdicated

LUNG CYSTS

Lung cysts may be single or multiple Solitary cysts are most apt to
result from mfection particularly tuberculosis Such cysts are gener
ally of no functional consequence but represent a potential source
of reactivation of wnfection Diffuse cystic disease 1s often of con
genital onigin but may be difficult to differentiate from severe bron
chiectasis Unilateral extensive cystic disease may be assocrated with
extensive expansion of the bronchual collateral circulation (Chap 8)
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and with atresta of the ipsilateral pulmonary artery Angiographic
distinction between pnmary and secondary atresia of the pulmonary
artery may be difficult

The extent to which cystic disease mmpairs pulmonary function
depends upon the extent to which cysts replace normal lung tissue
Surgery can restore little function but may be mdrcated to control
mfection Resection of cystic disease does not, per se produce
functional impairment

NEOPLASM
Effect on Pulmonary Funchon

As m cystic disease the functional consequences of pulmonary
neoplasm depend upon the amount of lung tissue replaced by tumor
Vital capacity and presumably diffusing capacity are reduced 1n pro
portion to the amount of tumor tissue present Encroachment on a
major bronchus results 1n arrway obstruction and tracheal obstruction
with suffocation 1s 2 particularly unpleasant form of death Respira
tory wsufficiency 1n terms of abrormalty of the arterial blood gases
1s not usually present until late 1 the course of malignant disease
However neoplasms are usually found mn older people who may have

hyp from cc dent pul y fibrosis and/or emphysema

Pulmonary Osteoarthropathy

An mteresting consequence of bronchogenic carcinoma is clubbing
of the fingers and toes pulmonary ostecarthropathy It may occur
before the development of other symptoms and in the presence of a
relatively small tumor which has produced no detectable abnormal
ity of pulmonary function It may be completely reversed by resection
of the tumor and 1t has disappeared after vagotomy Clubbmng 1s
usually not associated with metastatic disease 1n the lung It may be
due to an internal secretion elaborated by the neoplasm It has been
reported that the bronchial collateral circulation 15 greatly expanded
m the region of primary but not of secondary lung tumors and 1t 1s
possible that a smmifar humoral factor produces growth of the bron
chual and digstal blood vessels

Surgery

A common problem concerns how much resection of lung tissue
can be tolerated by a patient with carcinoma and coexistent pulmo



126 Chinical Appl: of Cardiopuls ry Physwology

nary fibrosis and/or emphysema The factors which place a kmtation
on the amount of lung tissue which can be safely resected and the
methods available for evaluating such patients are discussed 1 Chap
ter 9 As mentioned there functional considerations must often be
disregarded 1n order to effect complete removal of a tumor, smce it
1s mmpossible to predict with certainty how much resection can be
tolerated by a gwen patient Occasionally a patient with severe
pulmonary insufficiency will tolerate a pneumonectomy despite the
poor prognosss implicit m the preoperative of impatred
pulmonary function

PLEURAL DISEASE

Pleural disease nterferes with pulmonary function primanly by
preventing expansion of the underlymg lung dunng mspation
Hypoventilation 15 usually accompanied by reduction of blood fos,
so that the arterial oxygen saturation remans normal The extent of
unpairment of ventilatory function is readily detected by spirometry
Unilateral disease 15 evaluated by bronchospirometry

Decortication

Decarticatton of a fibrous peel even if extensie may restore
ventilatory function to normal On the other hand longstandimg
pleunssy particulaly if due to tuberculosis may be accompaned
by extenson of fibrous tissue strands 1nto the lung parenchyma Here
the major functional hmutation 1s actually from pulmonary fibrosts,
which can be Iittle affected by decortication Since such a ung may
recerve no ventlation because of the restrictive pleunssy, functiondl
study of the diffusion of gases 1s impossible ‘Thus, 1t 15 1mpossible 10
determine whether or not parenchymal fibrosss 1s present Further
more, sice one cannot predict from function studies the extent 0
which restorative pleural surgery will be possible 1t 1s difficult to
determune which patients will benefit from decorhication In general,
surgery should be done as sooun as possible after hmiting plensal
disease has developed so as to forestall the development of pulmo
nary fibrosss and an moperable pleural scar Functional evaluation
should be performed periodically 1n patients with empyema who may
be expected eventually to develop a fibrous pleural peel Since one
cannot predict which patients with longstanding fibrosis may be
benefited by surgery exploratory operation s justified even after
several years of hnown pleural disease
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ALVEOLAR VENTILATORY INSUFFICIENCY
Pathophysiolegy

Chronic alveolar ventilatory msufficiency 1s 2 form of functional
derangement which usually results from abnormality of the lungs or
thoracic cage, or from obesity It occurs when the work of breathing
1s so great that the patient ventdates his alveohi with subnormal
quantities of air rather than do the great amounts of work required to
produce a normal alveolar ventilation It may also result from primary
depression of the respiratory center In all cases the result 15 CO:
retention and hypoxemia

Chest Deformities

Alveolar hypoventilation due to emphy has been d d
m Chapter 6 Arthntis of the thoracic spine may lead to fixation of
the nibs and 1 of the work y to cause chest

expansion Spirometnic study reveals diminished wital capacity
Kyphoscoliosts causes a stmilar difficulty and 1s frequently accom
panied by obstructive emphy with the d der

of pulmonary function In contrast to kyphoscoliosis which 1s fre
quently accompanied by respiratory impairment pectus excavatum
usually produces httle cardiopulmonary dysfunction despite the
presence of severe deformuty Surgery for this disease 1s advised early
1 Iife for cosmetic rather than for functional reasons

Pickwickian  Syndrome

The } hereby obesity the work of breathing
1s not entirely clear It seems to be related to the increased work
mecessary to move the chest and abdomen durnng respiration This
1s accentuated 1n the supme position and hypoxema and CO; reten
tion imcrease when obese patients lie down The pathophysiologic
result of this syndrome 15 alveolar ventilation insufficient to meet the
increased metabolic needs This causes carbon dioxide retention and
byporemua The elevated artenal Peo causes the drowsmess and even
narcosss which may be a2 prominent feature of the disease aptly
termed 2 Pickwickian syndrome from the fat sleepy boy m the
Dickens novel Pulmonary hypertenston and right ventricular failure
may develop when the hypoxemia 1s severe

Treatment 1s directed towards improvement of alveclar ventilation
and reduction of alveolar ventilatory requirements The former may
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be accomplished by ventilatory aids such as positive pressure breath
mg [hese are useful m all forms of alveolar hypoventilation Stumu
lation of the respiratory center by large doses of salicylates or by
aminophylline, sometimes 1n combination with Diamox, may be use
ful Defimtive therapy is removal of the underlymg cause of the
hypoventilation Weight reduction reduces the work of breathing and
thus leads to increased alveolar ventilation It also decreases the
metabolic rate, and thus alveolar ventilatory requirements are reduced
Weight reduction may cause complete reversal of this syndrome and
1ts sequelae

Although most authors have attributed the chmreal features and
physiological abnormalities of this syndrome to obesity there 15 some
evidence that primary disease of the brain stem may play a part
the pathogenesis of the sleepiness and hvpoventilation For example,
hypoventilation 15 not generally present in obese people and hence
factors other than the mechanical effects of obesity may play a part 18
those patients who do exhibit hypoventdation Obesity may result
from a lesion 1n the hypothalamus and 1t 15 concevable that such 2
lesion could also cause depression of the respiratory center By the
same token the degree of drowsiness seen m this syndrome 1s ofted
greater than that seen i pattents with a greater degree of carbon
dioxide retention due to other causes and 1t 15 possible that the same
central lesion 15 a factor m producing the hypersomnolence

Primary Depression of the Respiratory Center

As of this writing about five cases of alveolar hypoventdation
without discernible cause have been reported Presumably these are
the result of lesions 1n the respiratory center but this conjecture has
not been documented by pathological study Diagnosis of this rare
abnormality can be made only when alveolar hypoventilation 15
demonstrated by physiological study and when known causes have
been excluded Such 2 diagnosss 1s quite likely if alveolar hypoventila
tion exists 1 the presence of normal respiratory mechamics
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CHAPTER 8

PULMONARY VASCULAR DISEASE

PHYSIOLOGY OF THE PULMONARY CIRCULATION

PRESSURE FLOW VASCULAR RESISTANCE

The normal pulmonary vascular bed 1s so large mn cross se¢
tion that 1t offers relatively Iittle resistance to the flow of blood through
1t The mean pressure m the pulmonary artery 1s much lower than that
in the aorta The pulmonary vascular bed 1s also capable of expansion
etther by further diatation of vessels 1n use or by opemng of other
vessels, so that large increases of flow are accompanted by Iittle 1
crease of the pulmonary artery pressure Since the vessels are elastic
they increase in diameter when the pressure within them nses
Eventually maximal dilatation 1s achieved and from that pont on
pulmonary vascular resistance remains little changed as the ntra
lummal pressure mises This relationship is expressed as the sold

acute curve 1n Figure 20 a plot of blood flow agamnst mean pulmo
nary artery pressure It 1s based on available data obtamed both from
human subjects and expenmental amumals At subnormal levels of
pulmonary artery pressure and flow the vessels are small and the
Y T 15 as a result relatively large Elevation

f the pressure in the pulmonary artery causes the vessels to dilate s0
that the pulmonary vascular resistance falls As a result flow m
creases more than 1t would if the vascular ressstance remained con
stant At a mean pressure of about 25 mm Hg resistance becomes
relatively constant Thereafter ncrements of pressure result 1n smaller
and relatively constant mcrements of flow An individual with a nor
mal pulmonary circulation can double his cardiac output with very
little merease of the pressure tn his pulmonary artery Further mcrease

of the cardiac output 1S accomp d by - rise of p
132
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In mterpreting the results of studies of the effects of drugs on pulmo
nary vascular resistance, 1t must be remembered that the level of the
vascular resistance depends upon the ntravascular pressure and that
agents which alter pulmonary artery pressure will thereby alter pul
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monary vascular resistance To attribute a vasoconstrictor or vaso-
dilator action to a drug, one must demonstrate a change of vascular
resistance at a given level of intravascular pressure not merely a fse
or a fall of pulmonary vascular resistance

The curve m Figure 20 represents the effect of acute changes of
pressure on flow Chromc studies have shown that sustamed increase
of flow 1s followed by a fall of pressure Over a period of time the
contmumg mtraluminal distending force causes further dilatatton of
the blood vessels mn the lung and pulmonary vascular resistance falls
A normal individual may have a 5 mm Hg mcrease of mean pulmo-
nary artery pressure when he first doubles his cardiac output durng
muscular exercise If he continues to work at the same rate, the
pressure will fall 1n about 4 minutes Similar results have been ob
served 1n dogs Acute mcrease of the blood flow to the perfused lung
results m an increase of the pulmonary artery pressure which then
falls 1f the increased rate of perfusion 1s mamtained

This discussion has mdicated that the pulmonary vascular restst
ance 15 regulated by the mtralummal distending pressure and that
mechamcal rather than neurogemic factors are responsible for the de
crease 1n pulmonary vascular resistance which accompanes acute or
chronic increase of the blood flow to the lung Some mdividuals be
Lieve that vasomotor tone plays a part in the regulation of the size of
the pulmonary vascular bed n health and disease Agamst this con
cept 15 the fact that the pressure flow relationships 1 the expert
mental perfused denervated lung are simiar to those observed 1B
mtact humans and dogs The possible role of vasomotor tone 1t
regulating the pulmonary vascular resistance m mitral steposis has
been discussed m Chapter 5 m which 1t was pomted out that the
wetght of expermental evidence favors the view that pulmonary
vasoconstriction 1 at best an ummportant factor m causmg pulmo
nary hypertension Likewsse, as discussed below reflex vasoconstfic
tion appears to be of httle or no mportance 1n the genesis of the
pulmonary hypertension that follows pulmonary embolism Vasocon
striction may be mmportant 1n causing pulmonary hypertension 11
some forms of congenital heart disease (Chap 3) Thus the number
and elasticity of the pulmonary blood vessels and the pressure within
them are probably the important factors that regulate the pulmonary
vascular resistance 1n normal subjects Other nfluences such as

1t .

vasomotor tone are p ly of little conseq if present at alt
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although they may be mmportant 1 some types of cardiopulmonary
disease

Funally the act of respiration has important effects on the pulmo
nary circulation Inspiration causes mcreased blood flow to the lungs
because reduction of the intrathoracic pressure causes increased
venous return to the thorax In addition pulmonary vascular resist
ance changes as the dimensions of the lung change The way mn which
the blood vessels change size depends among other things, upon the
degree of lung inflation prior to inspiration and upon the location
of the vessels within the Iung Some vessels get larger while others get
smaller The relationships between lung volume and the dimensions
of the vanious comp of the pull 34 lar bed remamn to
be defined

EFFECT OF REDUCTION OF PULMONARY VASCULAR BED

Resection of lung tissue results m hemodynamic changes similar
to those seen after increase of blood flow to the lung Acute resection
of a lobe or a lung causes a small elevation of the pulmonary artery
pressure Chrome studies of patients after pneumonectomy have 1n
many instances revealed a normal pulmonary artery pressure 1n the
presence of a normal cardiac output In such cases twice the normal
amount of blood 15 flowmng through the remamning lung This effect
15 denoted by the shaded reserve area in Figure 20 indicating the ex
tent to which 1n chronic experiments blood flow may mncrease with
out change of pulmonary artery pressure Smce blood flow may even
triple without nise of pulmonary artery pressure the pulmonary vascu
lar bed must be capable of threefold expansion Direct evidence of
this 15 afforded by Wearns observation that the blood flow through
the lung capillaries 15 mtermuttent that capillartes open and close
but that all the capillaries are not open at the same time

It follows that only marked restriction of the pulmonary vascular
bed may be expected to cause sigmificant pulmonary hypertension On
the other hand once 1t develops the blood vessels m the Iung are at
the Lt of their expansibility and an of flow or further
reduction of the vascular bed will cause substantial increase of the
pressure Thus 1s similar to the diffusion reserve of the lung which 1s
50 large that only extensive mmpairment causes hypotemia but once
1t develops further mmpaiwrment of diffusion or mcrease of oxygen
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uptake causes great mtensification of the arterial oxygen unsaturation
(Chap 9)

This concept of a pulmonary vascular bed with a large but not
mfinite reserve capacity 1s substantiated by many chnical and expent
mental findings In patients with pulmonary emphysema, the mean
pulmonary artery pressure i1s only slightly elevated except during
periods of severe respiratory insufficiency Muscular exercise causes
a sharp increase of the pulmonary artery pressure suggesting a fixed
pulmonary vascular resistance The pomts in Figure 20 represent data
obtamned on patients having emphysema at Grasslands Hospital Such
patients with a greatly mcreased pulmonary vascular resistance, may
have little or no pulmonary hypertension at rest The extent of 1m
pairment becomes apparent only during exercise when the pressure
1 the pulmonary artery rises abnormally Similar data have been ob
tamed on patients with pulmonary vascular restriction secondary to
pulmonary fibrosis and to mitral stenosis By the same token expent
mental pulmonary embolism with glass beads provokes at first, very
Iittle increase of a dog s pulmonary artery pressure but once pulmo
nary hypertension has been produced further imjectrons of embolic
material cause large increases of pulmonary artery pressure (see
below)

HYPOXIA

This mechanistic concept of the pulmonary vascular bed overlooks
what appears to be a valid experimental finding namely that hypoud
causes vasoconstriction 1 the lung Such a response 15 teleologrcally
protective by diverting blood flow away from poorly ventilated alveolt
and thus preventing hypoxemia This response has been found m ex
perimental animals and in many patients with hypoxemia oxygent
breathing has caused reduction of pulmonary hypertenston More
data with careful measurements of pressure and flow in the pulmo
nary artery are needed to establish the degree to which hypova af
fects the caliber of the blood vessels m the lung Although hypouc
vasoconstriction may be an expenimental reality the degree to which
1t participates 1 the genesis of human pulmonary hypertenston 1s un
certam It 1s hikely that the mechanical factors are more important

PULMONARY CIRCULATION IN DISEASE

The pulmonary vascular bed 1s reduced in pulmonary emphysema
Severe pulmonary hypertension m that disease 15 generally assoctated
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with respiratory msufficiency and appears to be related at least m
part to the pnmary and sccondary effects of hypoxemia (Chap 6)
In pulmonary fibrosis pulmonary hypertension 1s 2 late development
and results from anatomical reduction of the pulmonary vascular bed
It 1s often irreversible (Chap 7) The pulmonary hypertension 1n ac
qured heart disease usually results from elevation of pulmonary
capillary pressure and from the effects of this on the pulmonary vascu
lar bed (Chap S5) The pulmonary hypertension mn congemtal heart
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disease 15 the result of mcreased pulmonary blood flow and of pri
mary and dary changes 1 the small pul y blood vessels
(Chap 3)

In thus chapter consideration will be imited to primary pulmonary
vascular disease and to pulmonary hypertension secondary to pulmo
nary embol: Figure 21 15 a schematic 1llustmuon of the genesss of
pulmonary hypertenston 1 pull y emp P y fibro
sts and pulmonary vascular dlseasc




138 Chinical Applications of Cardiopulmonary Phystology
PULMONARY EMBOLISM
Pulmonary Hypertenton and Right Heart Failure

For many years, debate has been waged about the importance of
reflex vasoconstriction n causmng pulmonary hypertension ater pul
monary emboli Although vasoconstrictor refletes are probably pres
ent 1 the lung the pulmonary hypertension that follows pulmonary
embolism may be ascribed to mechanical obstruction of blood vessels
rather than to reflex vasoconstriction

Injections of aliquots of embolic material into the pulmonary
crreulation have little effect on the pulmonary artery pressure untl
large amounts have been injected Once pulmonary hypertension de
velops 1t becomes more and more severe on subsequent injections of
emboli When severe pulmonary hypertension has been produced 1
this way mn the dog to about 80 mm Hg mean pressure the nght
heart fails acutely This 1s manifested by nght ventricular dilatation
feeble systolic contractions and sudden drop of the pressure 1 the
right ventricle and pulmonary artery while the might atrial pressur®
nses This reaction 1s similar to that described by Fineberg and Wig
gers after occlusion of the pulmonary artery with a hgature It may
be ascribed to the fact that the blood supply to the myocardim
Iimited by decreased flow through the lung 1s madequate for the
great work load demanded of the heart (Chap 4) Recovery may be
spontaneous or may be mduced by the mjection of adrenahn where
upon the heart begins to beat forcefully again and the systolic pres
sure 1n the ventricle mses abruptly comcident with a nise of the
pulmonary artery pressure and a fall of the right atnal pressure From
this pownt on the pressure in the pulmonary artery falls gradually, just
as 1t does 1f the ijections of emboli are stopped at any poumnt before
the development of night ventricular failure Since there 13 Inttle pas
sage of embolic material out of the lung and since this same fall of
pressure 1s seen m the wsolated perfused lung after embolization, the
fall of pressure may be attributed to the openng of blood vessels 1n
the lung under the contmuing stimulation of increased ntralummal
pressure The nise and fall of pulmonary artery pressure which follows
expenimental embolization 15 unaffected by denervation of the per
fused lung or by the ad ration of } homum to the ntact
ammal 1t does not depend upon nervous reflexes

Sudden death from rather small pulmonary embolt 1n patients has
been cited as evidence that reflex vasoconstriction 1s important 11
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causing overwhelming pulmonary hypertension The convincing ex
penments of Kniseley on waheful and anesthesized dogs indicate that
reflex vasoconstriction 1s not a factor in causing death after pulmo
nary embolism 1n dogs Furthermore evidence that death occurs after
a small pulmonary embolus 1 normal human subjects 1s lacking Pa
nients with otherwise normal lungs who die from pulmonary emboh
bave massive involvement, generally of the man pulmonary artery
often extending back 1nto the night ventricle On the other hand pa
tients with a imited pulmonary vascular reserve may develop over
whelming pulmonary hypertension after a rather small embolus

Hypoxemig

Reccvery from nght heart fallure after experimental pulmonary

bol d with the sudden appearance of hy
poxemia ThlS 15 completely overcome by the mspiration of as httle
as 40 per cent oxygen and may be attnibuted to reduction of the dif
fusing capacity of the lung This 1s due to the fact that all the blood
1s flowing through a few dilated capillaries and the surface and con
tact time  available for diffusion 1s greatly reduced As more blood
vessels open 1n the lung as manifested by a reduction of the pulmo
nary artery pressure the oxygen saturation rises to normal There 15
a close parallel between the diffusion and circulation reserves of the
lung and severe reduction of the pulmonary vascular bed to the pomt
of overwhelming pulmonary hypertension 15 accompamed by hy
poxemia due to comncident lumitation of the diffusing capacity

Tachypnea

Although reflex vasoconstriction appears to be of little consequence
mn the pathogeness of pulmonary hypertension due to pulmonary
embolism reflexly mduced tachypnea has been amply demonstrated
This accounts for the increase of respiratory rate and the dyspnea
assoctated with pulmonary emboli Such hyperventilation causes e
duction of the arterial Pco but fails to mmprove the hypotemia the
latter bewng due to impawred diffusion of oxygen rather than to re
duced alveolar oxygen tension

Treatment

A number of therapentic mplications emerge from thus discussion
In the first place atropine or autonomic blocking agents may be
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expected to exert no effect on the mcreased pulmonary vascular re-
sistance after pulmonary emboli This 1s the case in the expenmental
ammal and clear cut clinical evidence of the value of this type of
medication 15 lacking Indeed such drugs may be contraindicated
because of adverse effects on the circulation

In the second place the shock which may follow pulmonary embolt
should be treated with pressor agents Epinephrine has proved to be
Lfesaving 1n dogs Diguitalis 1s mdicated to improve right ventriculat
performance but may have hittle effect

Third 1f the patient can be tided over the acute episode of pultmo
nary embolism recovery may be anticipated and may be more or less
complete as new blood vessels open 1n the lung Dogs have been sub
jected at monthly 1ntervals to three episodes of pulmonary embolism
each sufficient to provoke acute night ventricular failure, on each oc
casion the pulmonary artery pressure was normal at the start of the
second and third embolizations Indeed just as much embolic
material was required to provoke severe pulmonary hypertension at
the third embolization as had been used rmtially

Fourth oxygen breathing 1s of therapeutic value in patients who
have experienced severe pulmonary embolism whether or not ¢yano
sis an amperfect sign of hypoxemia 1is present Smnce an adequate
effect on the arterial oxygen saturation may be achieved with the
mspiration of 40 per cent oxygen mn the experimental animal an 0%y
gen tent 15 a satisfactory and comfortable form of oxygen administr2
tion 1n this situation

Fmally since the hypoxemia may be controlled by oxygen, and
since the arterial Peo 15 reduced morphine should be used for the
treatment of dyspnea The latter 1s largely the result of reflex
tachypnea and disappears if ventilaton 1s reduced

PULMONARY HYPERTENSION DUE TO CHRONIC PULMONARY
VASCULAR DISEASE

Pathagenests and Treatment

Chronic elevation of the pressure in the pulmonary artery develops
1 patients who suffer repeated attacks of pulmonary embolism Its
due to pathologic changes in the pulmonary arteties which are n
distingmshable from primary pulmonary arteriosclerosis In both
primary and secondary pulmonary vascular disease pulmonary hy
pertension 15 greatly aggravated by increased blood flow as durng
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exercise This may cause substernal pain not unlike that of angina
though 1t 1s generally higher in location rarely described as con
stricting and rarely responds to the admuustration of mitroglycerine
Convincing evidence has not been advanced that the pulmonary
hypertension n either pnmary or secondary vascular disease 1s the
result of reflex vasoconstriction Attempts at lowering the pulmonary
artery pressure with ganglionic blocking agents have not proved very
satisfactory Since further reduction of a himited pulmonary vascular
bed may be disastrous long term treatment with anticoagulants
would appear to be a logical approach 1 order to prevent occlusion
of more pulmonary vessels Adequate clinical assessment of therapy
of this type 1s not at hand

Patients with chronic pulmonary hypertension due to pulmonary
vascular disease are unusually bnttle and subject to sudden death
Smnce they may be at the point at which shight reduction of the pulmo
nary vascular bed or mmor mncrease of the blood flow and oxygen
consumption may lead to overwhelming pulmonary hypertension and
hypoxemia they must be carefully sheltered They should not fly
over 5000 feet and should not exercise and they represent real risks
for study by cardiac cathetenization angiocardiography or ganghonic
blocking agents Sudden death has occurred after all three of these
procedures  Although Iittle can be done to reverse the pulmonary
vascular changes that have taken place progression might be avoided
by the use of anticoagulant therapy the single promusing therapeutic
weapon available at this time

Hypoxemig

Hypoxema may be present m this form of chromc pulmonary
hypertension and 1s generally due to reduction of the diffusing capac
ity It 15 readily overcome by oxygen breathing Less commonly
hyporemsa may be due to a night to left shunt The foramen ovale
which 15 probe patent 1 about 25 per cent of autopsies may open
when the pressure in the night atrium rises after right ventricular
fatlore The sudden appearance of hypotemia Which 1s not relieved
by breathing oxygen suggests the develop of this complication
Surgical closure of such a defect 15 cont d d since 1t p
overloading of the nght ventricle and closure might result 1 more
severe right ventricular failure (Chap 3)
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PULMONARY ARTERIOVENOUS FISTULA

Experimentally, large glass spheres may pass drectly through
arterovenous communications in the dog lung but evidence of fusc
tioning pulmonary artertovenous fistulas 1n human subjects 1s lacking
Such communications might be responsible for hypoxemia m some
patients with pulmonary hypertension if the channels opened uadet
the stress of mcreased pulmonary artery pressure Direct expenmental
verification of this possibility 1s lacking

Pulmonary artertovenous fistula, 2 hereditary disorder often 2
sociated with systemic telangiectasia may cause hemoptysts or if the
fistula 15 large hypoxemia Surgical excision 1s indicated for this
lesion but multiple fistulas may be present, and resection of one may
be followed by the appearance of others Nevertheless signtficant
hypoxemia or hemoptysis are sufficient indications for surgery Chest
x ray usually suffices to depict these lesions and angography will de
fine the doubtful case The magmitude of the nght to left shunt &
reflected 1n the degree of hypoxemia present, a useful functional test
(Chap 11)

Multiple pulmonary arteriovenous fistulas may develop currhosts
of the liver Cases of cirrhosts have been described with this abnot
mality, and the finding of reduced arterial oxygen saturaton 11 many
other patients with cirrhosis suggests the presence of such right t0
Ieft shunts It 15 posstble that pulmonary arteriovenous fistulas develop
from the same humoral stimuli that produce cutaneous spider vl

BRONCHIAL COLLATERAL CIRCULATION

The bronchial cireulation a part of the systemic vascular bed 1
small 1n normal human subjects and dogs Ligation of a pulmonary
artery or suppurative disease of the lung, particularly bronchiectasts
1s followed by marked expansion of this vascular bed one factor 1
the occasionally severe hemoptysis that occurs 1 bronchiectasts
Simce these vessels are systemic arteries the pressure in them 15 high
and a ruptured bronchial artery tends to bleed profusely and to caus®
hemoptysis of arteral rather than of venous blood

AFTER LIGATION OF A PULMONARY ARTERY
After ligation of a pulmonary artery the expanded bronchial co!

lateral bed 1 of functional signifi 1n that 1t supplies blood to the
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lung formerly supplied by that pulmonary artery Since the collateral
flow 1s made up of arterial blood already fully saturated with oxygen
there is no appreciable oxygen uptake by such a lung The Iung de
prived of 1ts pulmonary artery ventilates normally but consumes no
oxygen

IN SUPPURATIVE DISEASE

These vessels may serve another function 1n disease Elevation of
the pressure 1n the capillaries into which the bronchial collaterals
drain serves to prevent the flow of unsaturated blood from the pulmo
nary artery through diseased areas of lung This prevents the hypox
emia which would otherwise result from a functional night to left
shunt It may explain the fact that the arterial oxygen saturation 15
often normal m extenswve bronchiectasis the poorly ventilated bron
chiectatic areas presumably bemng deprived of pulmonary artery blood
flow by the expanded bronchsal collateral bed

A dramatic case of bronchiectasis with marked overexpansion of
the bronchial circulation has recently been reported by Alley and his
associates In this patient the bronchial collaterals were so Jarge 1n
the Jeft lung the seat of extensive bronchiectasis that dye injected
mto the main pulmonary artery failed to enter the left pulmonary
artery at all Dye injected 1nto the aorta clearly filled the left pulmo
naty artery by retrograde perfusion from the bronchial artenies In
this patient hypoxemia was prevented but the increased collateral
flow represented a burden to the left ventricle which had to pump the
normal cardiac output plus the tremendous circulation that went
round and round through the bronchial artertes It may be difficult to
distinguish such a situation from agenesis of the pulmonary artery
since 1 each case conventional angiography may fail to demonstrate
the pulmonary artery on the involved side It 15 possible that some
cases diagnosed as congemital atresta of the pulmonary artery with
secondary bronchiectasts actually represent bronchiectasss with a
greatly expanded bronchial collateral bed which caused reversal of
the blood flow through that pulmonary artery
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CHAPTER 9

PHYSIOLOGICAL CONSIDERATIONS IN
THORACIC SURGERY

Evaluation of pulmonary function 1s frequently sought for
the patient with pulmonary disease who is being conswdered for
thoracic surgery Although data have been obtamed on the effects of
vanous surgteal procedures on ventilatory function and some mfor
mation 15 at hand about the degree to which impawred ventilatory
function reduces an mdividual s chances of surviving varous surgical
procedures 1t 1s 1mpossible t0 use such data to make absolute deci
sions for mndwvidual patients nor should one expect to be able to do
this There 15 little reason why an mdividuals level of ventilatory
function should have bearing on hus chances of developing chest wall
or other postop ve plications such as bronchop 1 fistula
or pleural effusion These complications are major factors 1 mor
bidity and mortality following thoracic surgery Furthermore ventila
fory function 1s only one and possibly not the most mmportant aspect
of pulmonary function Fmally the functional loss followmg resection
31 large part related to the amount of function present preopera
tively m the resected lung Since thoracic surgery generally wnvolves
removal of diseased or nonfunctioming lung tissue 1t may even lead
to improvement of pulmonary function

RESECTION OF LUNG TISSUE
CIRQULATION AND DIFFUSION

What are the mportant aspects of a patient s pulmonary functionat
Status that should be considered m deciding for or agamst thoracic
surgery? A major consideration 1s not to remove so much lung tissue
that pulmonary insufficiency 1n terms erther of arterial blood gas

147
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abnomality or of undue restriction of the pulmonary vascular bed,
will ensue In analyzing the ways 1 which resection might encroach
on pulmonary functional reserve, one can draw on mformation ob
tamed from anumal experuments It has been found that resection of
up to 75 per cent of a dog s lung 1s without significant effect Ventla
tory function 18 adequate smce sufficient alveolar ventdation may be
provided with mtermittent mspiratory positive pressure to mamtain
the artenial carbon diovsde tension at 40 mm Hg Analysss of the
alveolar and artersal blood gas tensions has revealed that theze & 1o
merease of the alveolar arteral ovygen tension difference mdicating
that the distnbution of blood and gas flows throughout the fung was
not impared Pulmonary hypertenston was muld or absent

Further resection of pulmonary tissue results 1n the rather sudden
appearance of profound hypoxemia and/or nght heart faure The
hypoxema has been found to result from reduction of the diffusing
capacity of the lung and 1t can be completely overcome by having the
dog breathe as little as 40 per cent oxygen Apparently resection of
large amounts of pulmonary tissue causes such a reduction of alveolar
capdlary surface arca that otygen cannot diffuse into the alveolar
capillary blood fast enough to rasse the artersal oxygen saturation 0
rormal Jevels It 15 of mterest that this point of crtical reduction of
the diffusing capacity comeides with the development of severe pul
monary hypertension and m many mstances of right heart fadure
This mdicates that the himuts of pulmonary capillary reserve 1m
portant for diffusion and of pulmonary arteriolar reserve concerned
10 pulmonary vascular resistance are sumilar

These expeniments wdicating that m the normal lung the diffusion
and curculatory functions himit a dogs abihity to tolerate removal of
pulmonary tissue may have Ittle bearing on the evaluation of the
pattent with pulmonary disease for chest surgery However they pro
vide a starting point and suggest that attention should be pard to these
functions 1n assessing patients with mmpaed pulmonary function
Thus 1t may be possible to predict on the basis of the maximal dif
fusing capacity of the lung how much functiomung tissue may be
resected with safety Another step in thus dhrection 1s the measurement
of the pressure m the pulmonary artesy before and after the branch
of the pulmonary artery to the portion of the lung to be resected 13
occluded by a balloon located on the distal end of a double Jumen
cardiac catheter If after ocelusion of the vessel the pressure i the
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main pulmonary artery nises sharply the patient 1s deemed a poor nisk
for surgery Another and somewhat sumpler approach 1s to measure
the pul Y artery p durmg lar exercise sufficient to
merease the total pulmonary blood flow to a level equivalent to that
which will be flowing through the remaining lung after resection For
le 1f one 15 pl £ ap tomy one may measure the

pulmonary artery pressure during exercise which causes doubling of
the resting cardiac output Duning this exercise, the entire lung 1s sub
jected to an increase of flow similar to that to which the nonresected
lung will be subjected postoperatively at rest If pulmonary hyperten
ston 15 severe surgery may be hazardous The degree to which such
studies of circulation and diffusion i the lung may be of practical
prognostic value 1n thoracic surgery remams to be proved The added
stresses of anesthesia thoracotomy pulmonary collapse and post
operative reduction of ventilation and cough are vanable and hard to
predict Certamly the psychic factors leading to courageous attempts
at good postoperative assistance by the patient are of importance and
yet cannot be measured objectively

The foregoing methods of analysis are mainly concerned with the
question of how much normally functioning tissue may be safely re
moved This 15 not always a problem since 1n many diseases resec
tion 15 largely restnicted to removal of diseased lung However thus
problem s present n cancer surgery 1n which large amounts of nor
mal lung may be resected along with the tumor It must be borne 1n
mind that the objective of cancer surgery 1s to remove all of the
tumor this may override all functional considerations If the surgeon
finds that he must carry out a pneumonectomy in order to accomplish
his mission the functional status of the patient should not necessarily
deter him  On the other hand when the surgeon has the opportunity
of doing a lesser degree of resectional surgery without really knowing
that the more radical procedure 15 y functional deration:
become extremely important

VENTILATORY TESTS

Preoperative evaluation by study of pulmonary eirculation and
diffusion 1s so techmically difficult and of such recent ongi that its
practical value remains to be determined Of what value 1s the more
conventsonal evaluation of pulmonary fi that 15
of ventilatory function and perhaps of arterial blood gases? In gen
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eral, if severe obstructive disease 15 present as evidenced by a man
mal breathung capacity below 40 hiters per nunute or an MMF fess
than 50 Iiter per second or if severe restrictive disease 1 present with
a vital capacity less than 25 per cent of the predicted value the p2
tient 15 a poor risk for surgery He s apt ether not to survive the
procedure or to have pulmonary msufficiency if he does survive The
sk ncreases if the arterial oxygen saturation 1s below 90 per cent
unless the hypoxenua 15 due to crrculation of blood through diseased
lung which will be removed at surgery Fumally carbon dioxide 1
tention mdicates further impamrment of pulmonary function and cor
responding increase of the surgieal nsk

These very general yardsticks of pulmonary functional status are
useful adjuncts to the over all clneal evaluation of the patient for
thoracte susgery but they may eventually be replaced by more spect
fic tests of vanous discrete aspects of pulmonary function Differest
tests may be necessary in different diseases The diffusing capacity
may be the important measurement 1n patients with pulmonary fibro
s1s, the awrway resistance 1n patients with emphysema and the puimo
nary vascular resistance 1 patients wath pulmonary vascular disease
In doubtful cases as many measurements as possible should be ob
tamed

Bronchosprometry

Bronchospirometry 1s a special form of study designed to obtun
mformation about the functional status of each lung separately The
technique involves passage of a double lumen catheter mfo the left
mam bronchus Awr goes 1 and out of the left lung through an opent
g at the tip of the catheter which 1 sealed by a balloon just
proxamal to the tip The other lumen opens 1nto the trachea and
when the distal and another proximal batloon are mflated serves as 2
passageway for all of the air entenng and leaving the night fung 1t
then possible to record the ventdation of each lung separately and by
connecting each Iung to an ovygen filled spirometer contarmng soda
hme to measure the oxygen consumption of each ung (Fig 22)

Bronchospirometry provides separate measurement of the ventila
tory function and of the oxygen consumption of each lung The latter
15 of paramount importance representing the net functional capacsty
of each lung A lung deprived of ats pulmonary artery may yentilate
normally but does not take up oxygen and 15 useless to the patrent On
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the other hand, a lung encased 1n fibrotic pleura may have very little
ventilation Yet 1if alveolar capillary function 1s normal it may ex
tract large amounts of oxygen from the alveolar air and be of great

Per Cent Total

Oxygen Cons Vital  Cap

Right 85 89
Left 15 1!
— i
— Right Lung
I
1 - T

:E Left Lung —

1
T 400 T

Fg 22 Bochosprom 1 ¢ cod from a pat nt wih a left
fibrothorax Th mo k & 1 ducton of oxygen co mpto and of
venlton ud te thot fu cton pocteally ab to dh left
sde a posht 1§ dcaton for decat ton and al o @  nd cation
that a left pn mo ectomy o 1d b performed wtho t f ther slg
nficont decrsa  of pulmonary fu ct o
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functional consequence to the patient Bronchospirometnic study by
delineating the degree to which each lung participates m owypen
uptake 15 2 gwde to the functional importance of a lung bemng con
sidered for surgery This does not apply only to patients bemng con
sidered for pucumonectomy An mdvidual with generahized pulmonasy
disease being evaluated for lobectomy must be considered i the ight
of possible Postoperative complications such as atelectasss or bron
chopleural fistula which might act at least temporanly hke a paeu
monectomy If an individual with borderlme pulmonary resene 1
relymg heavily on ope lung for hus oxygen consumption that Jung
probably should not be approached surgically at all On the other
hand a functionless lung may be resected without causing further loss
of pulmonary function

OVERDISTENTION OF REMAINING LUNG

A problem which 1s far from settled concerns the development of
overdistention of the remaming lung after resection and whether ot
not thoracoplasty ts mdicated order to prevent such a development
Certamnly hermation of Iung mto the contralateral thorax with ob-
struction of the Arways 1s undesirable but that distention of 1pstlateral
or contralaterat lung 15 harmful cannot be smd with certanty It
would appear from the hmited observations available to date that
such distention 15 not equivalent to chromc pulmonary emphysema
since it 1s not associated with evidence of awway obstruction In ths
Sense 1t 15 not harmful On the other hand smce increase of lung
volume does not necessarily improve pulmonary functson there would
appear to be litle to gam from such overdistention A reasonable ap
proach 1s to stnive to achieve a normal state of mflatron of the Jung
bemg left 1 the chest and at the same time to preserve maxmmal
bellows action of the chest wall Thus 1t mught not be harmfuf to et
one fobe fill one side of the chest On the other hand if thus could be
prevented by a small thoracoplasty which did not iterfere with chest
expansion  thoracoplasty nught be deswrable By the same token m
the absence of fixation of the mediastinum thoracoplasty would ap
pear to be desirable after preumonectomy An exception to this gen
eral plan 15 surgery on mfants and small chuldren 1 whom there
appears to be a real capacity for regeneration of pulmonary tissue
Under these circumstances it 1s advisable 1o leave space for the Iung
to grow mto We have studied ane boy 1n his Jate teens who had had
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ap omy 1n childhood At the time of study, he had ab
solutely normal ventilatory function and only slight reduction of his
diffusing capacity Thoracoplasty would probably have deprived um
of the chance to develop this much functioning pulmonary tissue

THORACOPLASTY
Although resection of diseased lung 1s the most common form of
surgical therapy of tut today thoracoplasty 1s still used mn

selected cases Since the procedure 15 not attended by many of the
complications that may follow resection such as bronchopleural
fistula or tuberculous empyema 1t may be employed 1n patients whose
functional status mught not allow them to survive such developments
In general collapse of a segment of lung seems to result 1n about the
same functional loss as occurs after resection of the segment but pa
tients with pulmonary msufficiency may tolerate thoracoplasty when
they could not go through an equivalent resection

The physiological approach to thoracic surgery has had a good
deal of effect on the type and extent of thoracoplasty that surgeons
perform For example much of the functional loss that followed
thoracoplasty many years ago was found to result from scoliosis It
was 2lso found that if the transverse processes of the vertebrae were
preserved good collapse could be achieved without the development
of scoliosis The effects of vanous thoracoplasties and other collapse
procedures have received extensive evaluation by bronchospirometric
and ventilatory function study

PHYSIOLOGICAL INDICATIONS FOR THORACIC SURGERY

Another aspect of physiological evaluation prior to thoracic sur
g8ery concerns positive wdications for surgery Does a given lesion
constitute a sufficient physiological problem to warrant resection?
Bullous emphysema 15 one example of this Chest x ray may reveal
one or more bullae but that they are impaming ventilatory function
by pressure on adjacent lung may best be determmned by ventilatory
studies The symptoms produced by such bullae may be determuming
factors 1 the decision for surgery but function studies may also pro
vide a positive indication for surgical mtervention

Similarly the extent to which a fibrous peel iterferes with ventila
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tory function may be determined by bronchospirometry and if func
tional mpairment exists this may be the important factor 1z deciding
to perform surgery (Fig 22) The degree to which blood flows
through a pulmonary arteriovenous fistula and, hence the seventy
of that lesion, 1s reflected 1n the degree of hypovemia present There
are other examples, but these illustrate how analysis of the extent to
which a disease or abnormality mterferes with pulmonary function 1s
mportant 1n selecting patients for thoracic surgery
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CHAPTER 10

ACUTE DISORDERS OF PULMONARY
FUNCTION

Experimental studies, both 1n man and in ammals, have
revealed the nature of the physiological disturbances that accompany
many acute disorders of pulmonary function and have provided the
basis for rational therapy of such problems In ths chapter, the
pathophysiology of pulmonary edema, of atelectasts, and of pneumo
thorax will be discussed and the physiological basis for application of
artificial respiration will be outlmed Another acute disorder of
pul y function, pul y embolism has been discussed
Chapter 8

PULMONARY EDEMA

PATHOGENESIS

The formation of edema flmd 15 based on Starhing s law of flud
transfer across capillary walls This law states that filtration out of
a capillary 15 directly proportional to the intracapillary pressure munus
the extracapillary (tissue) pressure and 1s inversely proportional 0
the effective osmotic pressure of the blood In normal mdividuals,
there 15 a continuous transudation of flmd across the alveolar capulary
walls This fluid 15 returned to the venous system by the lymphatics
When excessive fr dation occurs, flurd 1n the alveol and
small airways as pulmonary edema Interference with lymphatic drat
age a Iitle-explored field should contribute to the development of
pulmonary edema Other factors which lead to pulmonary edema are
decrease of the osmotic pressure of the blood increased pulmonary
capillary pressure and ncreased permeability of the lung capillanes

Decreased osmotic pressure 1s rarely, if ever, the sole cause of
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pulmonary edema but hypoalbuminemia may be a contnbutmng
factor Increased capillary pressure results from venous congestion
This may be the result of (1) a high left ventricular end-drastolic
pressure 1n the faihng or Joaded” heart (Chap 4), (2) elevated left
atnal pressure 1 mitral stenosis or atrial myxoma (Chap 5) or (3)
occlusion of pulmonary vems The hypervolemia accompanyng heart
falure accentuates the pulmonary capillary hypertension Pulmonary
edema due to d capilary permeability is seen after adminis-
tration of certamn poisons and after inhalation of steam

The pulmonary edema accompanying acute disease of the central
nervous system has long been a perplexing problem Sarnoff and as
soctates have produced pulmonary edema in expenimental anmmals by
mjecting fibrn mto the region of the medulla oblongata This led to
systemic vasoconstriction with resultant elevation of the pulmonary
capillary pressure due to poohing of blood 1n the lungs A therapeutic
corollary to this work 15 the fact that gangliome blocking agents
which cause systemic vasodilatation and, hence a shift of blood from
the pulmonary to the systemic venous bed are effective therapeutic
agents i some pattents with pulmonary edema particularly those
with hypertension

TREATMENT

The treatment of pulmonary edema should be diwected at re
moval of the specific underlying cause In addition certam general
effects of pulmonary edema require therapy This therapy 1s based on
knowledge of how pulmonary edema alters pulmonary function

In essence pulmonary edema consists of abnormat quantires of
flud 1 the alveol: mrways and interstices of the lung One of the
first demonstrable abnormalities of pulmonary function 15 reduction
of the lung comphance There 1s also reduction of the vital capacity a
cruder but more readily available means of assessing the amount of
pulmonary edema present In addition hyperpnea a reflex effect of

1 y congestion develops early This coupled with the m
creased work of breathing due to the reduced lung complance ac
counts for the development of dyspnea The tachypnea 1s associated
with reduced arterial carbon dioxide tension and since 1t effects Lttle
Improvement of the hypoxemia which may be present (see below) 1t
should be treated by the admumstration of morphme The clinical
value of morphine 1 pulmonary edema may be ascribed to this reduc
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tion of tachypnea and, hence, of dyspnea and to 1ts central depressant
actions with alleviation of anxiety

Hypoxemia appears later It may be relatively shght m what
appears to be severe pulmonary edema and its degree correlates
poorly with the chmical seventy Studies on dogs have revealed that
1t 1s due to an effective night to left shunt so that the artenal oxygen
saturation 1s only shghtly elevated by the mspiration of oxygen This
shunt 15 probably the result of occlusion of small airways by edema
flmd and foam so that large numbers of alveoh are totally un
ventilated the blood flowing through them 1s not exposed to alveolar
air Diffusion 1n the alveol that are normally ventilated appears to
be adequate An immediate consequence of this 1s the fact that
oxygen breathing has httle effect on the hypoxemma and cyanosis
present i pulmonary edema On the other hand anti foaming agents
and the admnsstration of oxygen with inspiratory positive pressure
which tends to force air through the congested airways, may Over
come the hypoxemia The latter therapy has the additional advantage
of ramsing the imtra alveolar pressure so that (1) the rate of forma
tion of edema flmd 15 decreased and (2) blood s shufted out of the
pulmonary vascular system into the systemic vewns This 1o tur?
lowers pulmonary capillary pressure and reduces the tendency O
wards formation of edema The application of tourmquets has 3
similar effect on the distribution of blood, and keeping the abdomen
legs and arms at a lower level than the chest 1s also of value

ATELECTASIS
PATHOGENESIS

Obstruction of a major bronchus 1s mvariably followed by collapse
of the lung distal to the poimt of obstruction Why? The answer 15
based on the laws govermng gas absorption from any air pocket 10
the body and 15 n the last analysis related to the shape of the
oxygen dissociation curve of hemoglobmm One result of this curve 15
the fact that the passage of oxygen from arterial blood to the
y tissues 1s panted by 2 large drop of the partual pressure
of oxygen 1n the blood The mcrease of partial pressure due o ad
dition of carbon diovde to the blood from the tissues 15 much less
Nitrogen exerts virtually the same partial pressure in venous as m
artenial blood The net result 1s that venous blood contains 2 total
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pressure of gases which 1s less than the total pressure of gases
artenal blood which equals the atmosphenc pressure mmus the
vapor pressure of water

Consider a pocket of air trapped mn lung distal to an occluded
bronchus At the start this gas has the same composition as alveolar
arr the partial pressure of oxygen 1s 100 mm Hg of CO, 40 mm Hg
and of mtrogen (if the barometric pressure 1s 747 mm Hg) 560
mm Hg Mixed venous blood contaming oxygen at a partial pres
sure of 40 mm Hg CO; at a pressure of 45 mm Hg and mitrogen
at a pressure of 560 mm Hg comes mto equilibrium with this gas
A good deal of oxygen diffuses out of the pochet whereas a much
smaller amount of CO; diffuses in until the partial pressures of these
two gases mn the pocket approaches that in the venous blood Since
the oxygen loss 1s greater than the CO. gamn the pocket becomes
smaller At the same time the partial pressure of mitrogen rises be
cause the total pressure in the pocket remamns atmosphertc This
means that mitrogen will now diffuse out of the pocket resulting m an
merease of the pressures of the other two gases and further reduction
of the size of the pocket This sequence of events 1s repeated until the
gas disappears and the lung collapses

PHYSIOLOGICAL COMPENSATIONS

COLLATERAL VENTILATION An mteresting aspect of atelectasts 1s
the fact that obstruction of small bronchi 1s not necessarily followed
by lung collapse because some awr passes through the pores of
Cohnt mto the alveoh distal to the obstruction from adjacent ven
tilated alveol: Since this collateral ventilation cannot occur between
lobes atelectasis always follows obstruction of lobar broncht Why
does atelectasss ever develop after bronctuolar obstruction? One
theory relates such atel a frequent complication of surgery to
the fact that a hustamine like substance liberated by surgical trauma
or by diseased tissues causes occlusion of the pores of Cohn so that
when 2 bronchiole becomes obstructed atelectasss develops It has

been suggested that antiistammic drugs might prevent this com
plication

REDUCED CIrcULATION Major atel may be d b;
little of any hypoxemia This indicates that the unvenulated lung
not perfused with blood Prompt decrease of circulation to atelectatic
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Iung has been demonstrated expenmentally Whether this 1s the result
of mechanical collapse of blood vessels or of anoxia induced vaso
constriction remains to be determined In favor of the mechanical
explanation 1s the expenmental observation that collapse of the
1solated, perfused lung 1s accompanied by an mcrease of the vascular
resistance  Although atelectasis has little deleterous effect on mean
artenial blood gas composition 1t should be treated i order to restore
functioning Tung tissue to obwviate the development of mfection and
to reduce the work of the right ventricle

TREATMENT

The treatment of atelectass 15 rendered difficult by the fact that
the surface tension exerted by collapsed lung tissue 15 large Whereas
4 mm Hg serve to inflate normal lung from the end expuratory
posiion 20 mm Hg or more of airway pressure are needed to over
come this surface tension and to imflate atelectactic fung This 15 well
known to the anesthesiologist who must apply large amounts of
pressure to the airway n order to nflate atelectatic lung after thoracie
surgery Such pressure may be dangerous, it may cause rupture of
normal alveoli distal to unobstructed airways

Every effort should be made to prevent atelectasss 1n patients 10
whom 1t 15 apt to develop postoperative patients those m respirators,
and otherwise mmmobilized cases Preventive measures mnclude fre
quent coughs and/or deep breaths and 1f necesary, tracheal aspira
tion The use of antihistaminic drugs has been mentioned Inspiration
of 100% oxygen should be avoided since oxygen filled alveol col
lapse much more readily than air filled alveol: (see below)

PNEUMOTHORAX
GAS ABSORPTION FROM AN AIR POCKET

A pneumothorax pocket 15 generally made up of room air at the
start The laws governing its eventual absorption are similar to those
outlined above for absorption of a pocket of gas trapped distal to
an occluded bronchus Since the total pressure of gases venous
capillary blood 1s subatmospheric gas transfer conttnuously takes
place from the pneumothorax into the blood until the pocket dis
appears This process can be greatly accelerated by having the patient
breathe oxygen Just as the rate of development of atelectasts can be
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speeded by having an ammal breathe oxygen During oxygen breath
g nitrogen 1s almost entirely displaced from the circulating blood
and most of the total atmospheric pressure of gases in arteral blood
15 produced by oxygen Since some of this oxygen 1s dissolved m
plasma release of normal amounts of oxygen to the tissues 1s accom
panied by a tremendous drop of oxygen tension so that venous blood
contains oxygen at a partial pressure of considerably less than 100
mm Hg The total pressure of gases in venous blood may be 120
mm Hg or less As a result the nitrogen 1n a pneumothorax pocket
m which the pressure 15 atmosphenc diffuses into the blood stream
at a very rapid rate This principle has been utilized to combat ab
dominal distention by oxygen breathing as well as to hasten gas
absorption from a pneumothorax pochet

The Iife of an artifically induced gas pocket such as pneumo
thorax or pneumopentoneum depends upon the nature of the gas
used Oxygen will be absorbed much more rapidly than nitrogen
The recently developed synthetic gas sodium hexafluoride (SF.)
1s of hugher molecular weight and Iow solubihity mn tissue fluids As
a result 1t 15 absorbed very slowly and should be useful for the
maimtenance of therapeutic pneumothorax or pneumoperitoneum

EFFECT ON LUNG VOLUME

Although pneumothorax 1s seldom used today for the treatment
of tuberculosis the mechanics of lung collapse are still of mterest
The normal negative intrapleural pressure 15 the result of the elastic
pull of the lung mward and of the chest wall outward If one allows
arr to enter between the lungs and the chest the chest will enlarge
and the lungs will get smaller Actually the pressure volume char
acteristics of the lungs and chest are such that a given amount of air
will be about equally divided mto that taken up by lung collapse and
that taken up by chest expansion Thus the introduction of 1000 cc
of air ito the chest causes the lungs to become about 500 cc smaller
while the chest becomes about 500 cc larger

EFFECT ON PULMONARY FUNCTION

As 1 atelectasis blood flow to a lung collapsed by pneumothorax
1s reduced and so hypoxemua may not be present On the other hand
Partial lung collapse causes mequality of ventilation and perfusion n
the lung with the result that the artersal oxygen saturation may be



162 Climcal Applications of Cardiopulmonary Physiology

reduced (Chap 11) Generally, hypoxemia 15 not a problem and
functional limutation results only if the contralateral Iung 15 made
quate to support total ventilation and perfusion (Chap 9 Resection
of Lung Tissue)

ARTIFICIAL RESPIRATION
ACUTE

The techmque of artifictal respiration should be as famiiar to
physicians as 1t 15 to Boy Scouts No emergency requires more prompt
and tramed action than does apnea The goal of artificial respiration
acute or chromic 13 to move the required volume of air into and
out of the alveoh Thi requirement as outhned in Chapter 1, 15
dictated by the metabohic level of the tissues The volume of ar
moving 1m and out of the lung must equal the alveolar ventlatory
requirement plus the volume that moves i and out of the tracheo
bronchial tree In admumstering chromic artificial respiration  these
principles are utiized One caleulates the alveolar ventilatory re
quirements, adds the amount of air assumed or computed to move
m and out of the dead space and sets the respirator to provide this
total ventilation In an acute emergency one makes no such calcula
tion but simply employs a techmique known to be adequate The best
techmque 1s mouth to mouth breathing duning which the operator
inflates the patient’s lungs with his own expired air His ventilation
becomes that of his subject and the small amount of carbon dioxide
in his expired air does not render the techmgque 1nadequate Esery
physician should become famihar with this technique which 1s the
first step 1 resuscitation following cardiac arrest, drowmng and
other emergencies

CHRONIC
Pressure B g and Vennl vy R

The proper admunsstration of chronic artificial respuration 1s based
on two prnciples (1) mamtenance of a clear awrway and (2)
delivery of the required volume of arr into and out of the alveoh
without frustration of the patients own resprratory efforts Aur can
be moved 1nto the chest equally well by applying positive pressure
at the mouth as by applying negative pressure around the chest as
with a tank resprrator The dynamics of the flow of air into and out

h
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of the lungs are identical 1n the two situations In addition positive
mspiratory pressure at the mouth produces effects on the circulation
similar to those produced by a respirator which generates negatrve
pressure around the body durmng inspiration With each device the
mtrapulmonary pressure during inspiration 1s positne relative to the
venous pressure 1n the vena cavae This 1s mtuttively obvious 1n the
case of positive pressure at the mouth but not so clear in the case of
the respirator In the latter insprration 1s accompanted by a decrease
of the pressure all around the body which serves to enlarge the chest
and thus to draw air nto the lungs The pressure in the body includ
mg the vena cavae, 15 also negatne The flow of air into the lung
causes the intrathoracic pressure to nise so that 1t becomes positive
relative to the negative pressure m the rest of the body This causes
relative obstruction of venous return to the chest For this reason
some expiratory positive pressure n the resprrator has been advocated
to counteract the adverse circulatory effects of negative mspiratory
pressure In general this 1s only necessary in individuals wath 1m
paired circulation 1 whom negative pressure breathing alone may
lead to a drop of blood pressure and even to shock

A cuirass type respirator with only a negative phase has quite
different effects With this device the thorax 15 subjected to negative
pressure durmng inspiration but the abdomen which 1s outude the
respirator remams at atmospheric pressure As a result the ab
domunal pressure 1s higher than the 1ntrathoracic pressure throughout
mspiration This type of respirator promotes venous return to the
thorax dunng mspiration 1o contrast to a body respirator, and to
Inspiratory positive pressure at the mouth

As mentioned the respirator should be set so that the ventilation
1S mamntamed at the deswred level The steps mvolved m regulation
of the respirator settings are as follows Let us assume that the
respurator will be set to cycle 10 tumes per minute A slow frequency
of respiration mummuzes the volume of air that goes i and out of the
dead space and hence the total ventilatory requirements Further
more at slow rates of ventilation the dead space takes up less
of the tidal volume than at fast rates and any erroneous assumption
of the size of the dead space results m less abnormality of the
artenial Peo than would occur at fast respiratory rates Assumung that
the lung dead space m cubic centimeters equals the weight 1n pounds
n 2 200 pound man 200 cc of air will go m and out of the dead
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space with each breath, and the total dead space ventilation will be
20 lters per minute If one calculates, on the basis of normal
standards for metabolic rate with suitable correction for fever that
the alveolar ventjlatory requirements are 4 0 liters per minute the
patient requires 6 0 liters of ventilamon Each breath must equal
600 cc The respirator 1s then set to give this tidal volume as
registered on a spirometer or flow meter These calculations and as
sumptions must be checked periodically by measurement of the
alveolar or artenial Poo and any deviation of this from 40 mm
Hg must be corrected by appropriate mncrease or decrease of the tidal
volume One mgenions method of accomphishing this task 1s to employ
a servomechamsm which consists of a contmuous alveolar CO:
analyzer which activates the respirator When the Peo, exceeds 40
mm Hg the respirator actvity increases and a decrease of the
Poo, causes a decrease of the respirator activity

Simce most diseases that require artificial respirator therapy par
ticularly poliomyelitis are associated with a reduction of the com
phance of the lung and/or chest wall larger amounts of pressure ar¢
required to produce normal tidal volumes than m normal subjects
One explanation for this reduced comphance 1s that some areas of
lung become atelectatic with the result that the amount of ventifated
lung tissue 15 reduced Atelectasis may be prevented by periodic
mstitution of deep breaths either by a sudden merease of the negative
respirator pressure or by mechamcal exsufflation at the mouth and
there 15 some evidence that the reduction of compliance may be pre
vented by such therapy

Respiratory Therapy
It 1s frequently difficult to know whether or not a respirator 15
necessary particularly i poliomyeliis Apprehension suggests the
presence of alveolar hypoventlation and this may be confirmed by
arterial blood gas amalysis Fatigue 15 an imdication for providing
respirator assistance Measurement of the vital capacity 15 also
helpful When this falls to less than 50 per cent of normal 2
respirator 15 probably indicated By the same token, improvement of
the wital capacity 1s an indication that the patient can be removed
from the respirator Ventilatory assistance 1s necessary untl the vital
capacity exceeds 30 per cent of normal
Weanmng a patient from 2 respirator may be a difficult problem
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Patients are often hyperventilated while in the respirator unless care
fully regulated by measurement of the alveolar or artertal Pco  and
they may have become accustomed to high levels of ventidation which
they cannot mamtain unarded If they do not mamtain this ventilation
the alveolar and arterral Peo, rise and the resultant acidosis may be
mtolerable These patients are particularly susceptible to the de
velopment of acidosis since hyperventilation has led to reduced
arternal Po which has been met by renal excretion of bicarbonate
This means that the blood buffering power 1s reduced and so a de
crease of ventilation results i a greater fall of blood pH than
occurs m normals This 1s similar to the reduction of breath holding
tme which persists when the individual acchmatized to high altitude
returns to sea level He too has lost buffer base secondary to hyper
ventilation and 15 more affected by CO. retention during breath
holding than 1s 2 person residmg at sea level Perodic deep breaths
may cut down the respirator patients subjective ventilatory require
ments by providing a subtsitute for the sighs and yawns which occur
1n the normal subject and which may be necessary mn order to prevent
reflex tachypnea from areas of lung which otherwise would not be
come distended Ventilation may then be kept down to a normal level
and subsequent removal from the respirator will be easter

Other Ventdatory Aids

Other ventilatory aids may be of value m chromc artificial respira
tion One of these 1s a rocking bed This operates on the principle
that m the feet down posiion grawity causes descent of the dia
phragm and lung expansion This 15 followed by elevation of the
diaphragm when the body 1s rotated to the head down position

Electrophrenic respiration 1s an interesting type of artificial respira
tion. When the phrenic nerve 15 mntact as i poliomyehtis 1t may be
stunulated electrically thereby causing diaphragmatic contractions
and adequate ventilation This stimulation may be given through
the skin or the electrode may be surgically implanted on the phrenic
nerve

Recently, 1t has been found that patients may be taught to use
the muscles of the glossopharynx to swallow air mto the lung This

frog breathing may actually result 1n sufficient alveolar ventilation
to meet the Testing requirements
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CHAPTER 11

HYPOXIA, HYPOXEMIA, AND CYANOSIS

HYPOXIA

Hypoxia may be defined as a condition of inadequate aval
ability of oxygen for cell function It 1s most commonly due to re
duced supply of oxygen to the tissues This, n turn may result
from decreased artersal oxygen content, hypoxemia or from imparred
crrculation  general or systemic Poisoning of oxidative enzyme
systems histotoxic hypoxta such as occurs m cyamde porsomng 15
not due to dimimished tissue oxygen supply and will not be discussed
here The term hypoxia 1s used in preference fo anoxia to denote 2
relative rather than an absolute oxygen lack

PATHOGENESIS

Tissue hypoxia 1s present when the supply of oxygen to the tissues
1s madequate to meet the demands for tissue oxygen consumption
Oxygen supply to the tissues depends upon the arterial oxygen content
and upon the amount of blood flowing to the tissues Artenial 0xygen
content depends upon the amount of hemoglobm present m the blood
and upon the degree to which that hemoglobin 1s saturated with
oxygen the arterial oxygen saturation Subnormal amounts of hemo
globmn 1 the blood reduced artersal oxygen saturation or decreased
blood flow to the tissues may all Jead to hypowia, particularly of the
metabolic activity, or oxygen uptake of the tissues 15 increased

In hypoxia subnormal amounts of oxygen are brought to the tissues
and the tissues extract mcreased amounts of oxygen from the blood
that 15 brought to them This leads to an abnormal reduction of the
oxygen saturation of the blood leaving the tissues A low venous
oxygen saturation 1s probably the best indication that hypotia 15

present
168
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SYMPTOMS

Systemic hypoxia 1s assocsated with surpnsingly few symptoms
The aviator at 40 000 feet whose oxygen supply suddenly becomes
defective may experience some blurring of sensibility and some
cuphonia but he rapidly loses consciousness and dies before un
pleasant warming symptoms can make their appearance The mld
hyperventilation associated with hypoxia causes insufficient mncrease
of respiratory worh to be expenienced as dyspnea (Chap 12)

Local hypaua may be associated with specific symptoms angina
pectons results from myocardial hypoxia ntermattent clandication
from hypoxia of the exercismg limbs Other organs may suffer 1m
pawment of function without giving nse to symptoms and 1t 1s
important to prevent and to correct local hypoxia just as it 1s essential
to prevent severe systemic hypoxia 1if Iife 15 to be maintamned

HYPOXEMIA

Hypoxemia 1s defined as a condition 1 which there are subnormat
amounts of oxygen 1n the artenal blood It may be the result of (1)
environmental factors if the oxygen tension of the inspired air 15 re
duced (2) pulmonary disease which causes impawed ventilation
diffusion or distribution of gases (3) mtracardiac or mtrapulmonary
right to left shunts or (4) reduced or altered oxygen carrying power
of the blood Understanding of the pathophystology of each of these
Situations enables the physician to detect and to quantitate the type of
abnormality responsible for hypoxemia and to apply the proper ther
#py In addition such understanding provides the physician with 1n
sight 1nto the degree to which cardiopulmonary function has been
altered n 2 given patient This 1n turn has prognostic importance
and 1s of diagnostic value 1n that some mformation 1s available as to
how much and what type of hypoxemua 15 present in many forms of
cardiopulmonary disease The various types of hypoxemia will be dis
cussed the physiological diagnosis of each type will be outlined and
Certan diagnostic therapeutic and prognostic implications wall be
mentioned Table 4 provides  classification of pulmonary disease 1n
terms of the varous types of functional ympairment and of the asso
cuated abnormalities of artersal blood gas composition
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TARLE 4  CLASSIFICATION OF PULMONARY DISEASE IN TERMS oF FUNCTIONAL
IMPAIRMENT AND ABNORMALITY OF ARTERIAL BLOOD Gases

Functional ymparrment Dusease Physwological abnormaliy
Hypoventilation from
Depression of respiratory  Emphysema Acidosis  CO; retention f
center severe hypovemra
Muscle paralysis Poho relieved by oxygen
Airway obstruction Asthma emphysema
Decreased comphance Fibrosis pulmonary
edema
Impaired diffusion from
Loss of alveolar capillary  Resection embolt Hypoxemia aggravated by
surface emphysema exercise relieved by
Thickening of alveolar Fibrosis oxygen no CO; retention
walls
Tmpatred distribution from
Effective right to left Pulmonary arterio  Hypoxemia unrelieved by
shunt venous fistula oxygen no CO; retention
atelectasis pulmo
nary edema
Uneven ventilation and ~ Lung collapse Hypovemia largely reheved
perfusion emphysema by oxsgen moderate
CO; retention

DIMINISHED ALVEOLAR OXYGEN TENSION
Diminished Inspired Oxygen Tension

The first factor m the oxygenation of the blood 1s the alveolat
oxygen tension The arterial oxygen tension can be no higher than
the alveolar oxygen tension If the alveolar oxygen tension 15 reduced
hypoxemia has to result This happens when the mspired oxygen
tension 1s reduced as at high altitudes or during the mspiration of
low oxygen muxtures Under these circumstances the partial pressure
of 1nspired oxygen 1s reduced and so there 1s a corresponding reduc
tion of the partial pressure of oxygen 1n the alveol: and 1n the artenial
blood When the arterral oxygen tension 1s reduced, the artenal
otygen saturation falls The degree of hypoxemia 1s dependent upon
the degree of reduction of the inspired oxygen tension

D hed Alveolur Vi
Clinieally, reduced alveolar oxygen temsion occurs when the
alveolar ventilation 1s duminished relative to the metabolic rate or t0
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oxygen consumption The alveolar oxygen tension 1s directly propor
tional to the alveolar ventilation and mversely proportional to the
otygen consumption (Chap 1) If the alveolar ventilation 1s sub
normal relative to the metabolic rate the alveolar oxygen tension is
reduced This 15 accompamed by a corresponding increase of the
alveolar carbon dioxide tension Actually carbon dioxide retention
appears before sigmficant hypoxemia because the flat portion of the
oxygen d 1on curve of | globin permits derable reduc
tion of the oxygen tension m blood before the oxygen saturation falls
Hypoxemia due to alveolar hypoventilation 15 accompanied by rela
tively more carbon dioxide retention than hypoxemia due to the
other types of abnormality

Alveolar hypoventilation most commonly occurs because of reduc
ton of the total ventilation as i poliomyeltis It may also occur
because of increased stze of the lung dead space the passage through
which air must pass to enter the alveol: Under these circumstances
o much air 15 wasted going 1n and out of the dead space that sub
rormal quantities reach the alveolt In practice this situation 1s most
€c Iy d during the ration of anesthetic agents
through 2 large artificial dead space interposed between the patients
mouth and the breathing valve It also occurs among skin divers usimg
snorkel gear Alveolar hypoventilation can be prevented if the tidal
volume 15 mncreased by an amount equal to the volume of the added
dead space

As discussed 1 Chapter 6 the work of breathing 1s so great m
phy that the resprratory les use up large amounts of
Otygen Increased ventilation may actually cause a greater increase
of oxygen consumption by these muscles than of alveolar ventilation
For example a doubling of alveolar ventilation may cause so much
Iespiratory work that the oxygen consumption increases threefold

Us  hyperventilation leads to relative alveolar hypoventilation so
that the alveolar Peo mises and the Po falls

The proper treatment of hypoxemia due to alveolar hypoventilation
1s the augmentation of alveolar ventilation This may be achieved by
removal of the underlyng cause of alveolar ventilatory msufficiency
as by the improvement of airway obstruction 1n pulmonary emphy
Sema It may also be achieved by providing an 1ncrease of total
ventilation erther by stimulation of the resprratory center with drugs
or by mechanical Tespiratory ards such as mspiratory positive pressure
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breathing (IPPB) Advanced cases of alveolar ventlatory msuf
fielency require a respirator for adequate treatment As discussed
m Chapter 10, the proper guide to the admmistration of artificial
ventilation 1s the alveolar or arterial Poo which should be kept at
40 mm Hg Ths 15 the end pomt of therapy of alveolar hypoventila
tion Although oxygen breathing will overcome the hypozema it
does not directly affect the carbon dioxide retention This 15 apt t0
become worse after restoration of a normal arterial oxygen saturation
removes the hypoxemic stimulus to the respiratory center

NORMAL ALVEOLAR DECREASED ARTERIAL OXYGEN TENSION

Hypoxenma may occur in the presence of normal ventilation and
normal alveolar gas composition if there 1s some abnormality which
prevents the arterial oxygen tension from attamung the same value
as the alveolar oxygen tenston This may take the form either of m
pairment of diffusion of oxygen across the alveolar membrane of of
mparment of distribution of blood and gas m the lungs (or heatt),
so that some mixed venous blood reaches the arterial system without
having been exposed to alveolar air

Impared Diffusion

The diffusion of oxygen from the alveolar aw mto the capillary
blood 1s dependent on physical laws As such 1ts efficiency depends
upon two charactersstics of the surface across which the gas mole
cules diffuse 1ts area and its permeability In the lung the diffusion
surface 1s the entire area of the alveolar capillary membrane Im
parred diffusion results from thickening of this mesmbrane as m pul
monary fibrosis or from reduction of the area of the membrane as 1
emphysema

Diffusion may be assessed quantatrvely by measurement of the
diffusing capacity of the lung This 15 a measure of the thinness and
of the size of the alveolar capillary surface An mdication of severe
impairment of diffusion may be suggested by arterial blood gas
analyss If the diffusion surface 15 greatly thickened or destroyed
oxygen traverses the alveolar-capillary membrane at such a slow rate
that the blood leaving the alveolar capillanies contauns subnormal
quantities of oxygen The hypoxemia due to impaired diffusion has
two charactersstics 1t 1s greatly accentuated by muscular exercise
and 1t 15 overcome by oxygen breathing As regards the former 1
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creased oxygen consumption places such a great demand on a
hmited diffuston surface that the artenal oxygen saturation falls
precipitously  On the other hand elevation of the alveolar oxygen
tension by oxygen breathing causes oxygen to diffuse across the
alveolar membrane so rapidly that hypoxemia 1s abolished Since
carbon dioxide 1s over twenty times as * diffusible as oxygen, carbon
dioxide retention 15 rarely if ever an accompaniment of hypoxemia
due to an uncomplicated diffusion limitation

The normal alveolar capillary membrane 1s so large and so thm
and oxygen diffuses into the blood flowing through the alveolar capil
Tanes at such a rapid rate that the blood becomes fully saturated with
otygen before 1t reaches the end of the alveolar capiliary Most of
the oxygen transfer from alveolus to blood takes place at the begin
mng of the normal alveolar capillary and the partial pressure of
otygen 1n the alveolar capillary blood becomes identical to the
alveolar oxygen tension before the blood reaches the end of the alveo
lar capillary (Chap 1) This means that diffuston must become greatly
mpaired before the oxygen tenston m the blood leaving the alveolar
capillaries falls lower than the oxygen tension m the alveol Diffusion
1s seldom so badly impaired that a reduced diffusing capacity 1s the
sole cause of hypoxemia However, once diffuston 1s so limited that
hypotemia 1s present further impairment leads to a precipitous fall of
the artenial oxygen saturation

Hypoxemea due to mpaired diffusion 1s a poor prognostic sign It
means that there 15 considerable thickening or destruction of the
alveoll and the hypoxemta w1ll become more severe if the underlymng
disease gets worse Patients with such a limitation may expect marked
Improvement from oxygen breathung On the other hand, they must be
Cautioned agamst placing any great strain on the diffusion process by
mdulging 1n heavy exercise or by ascending to high altitudes Every
effort must be made to prevent progression of the underlymg disease
5035 to prevent a progressive fall of the artersal oxygen saturation

Impared Distribution

RIGHT To LEFT SHUNTS The other general situation i which
bypoxemia exists because of a difference between the alveolar and
arternal oxygen tensions 13 impaired distribution of blood and gas n
the lung ‘The most extreme form of this 1s a right to left shunt In this
condition venous blood having bypassed the lung and therefore
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having a low OXxygen saturation, mixes with the folly saturated blood
which has passed through the alveolar capiilaries The resultant mix
ture the artersal blood, has an oxygen saturation which 1s somewhere
between that of its two components If the shunt 1s small the artersa)
OXyEen saturation 1s sumilar to the saturation of the blood leaving the
alveolar capiifartes If the shunt 15 large the artenal saturation 1s more
lke that of the mxed venous blood Thus, the degree of hypotema
depends upon the Oxygen saturation of the blood leaving the alveolar
capilanies the oxygen saturation of the mixed venous blood and
the relative magmtude of the shunt If cardiopulmonary function 1s
nommal, the blood leaving the atveolar capillaries may be assumed to
be 97 per cent saturated with oxygen and the mixed venous blood to
have an oxygen saturation about 25 per cent less than the arternat
Otygen saturation Under these cireumstances analvsis of the areriat
Oxygen saturation provides quantstative mformation about the magm
tude of the right to left shunt since the degree of hvposema 1s largely
dependent upon the amount of blood flowing through the shunt as
compared to the amount of blood not flowing through the shunt
Ordinanly hypoxemua 15 not detectable until there 1 a shunt of 25
Per cent or more of the total cardsac output

Hypoxernna of this 1ype 15 only partrally reheved bv oxygen breath
g The mspiration of 100 per cent oxygen elevates the oxygen
tensiont i the alveol to about 670 mm Hg A lttle oxvgen becomes
dissolved 1n the blood flowing through these alveols but the hemoglo
bin was already almost fully saturated with oxygen and so the gam
1s shght It amounts to approxunately 2 volumes per cent the equiva
lent of about 10 per cent oxygen saturation Stce the oxygen satura
tion of the two components of the arterial blood 1s rawsed a hitle bit
by oxygen breathing the artenal oxygen saturation also rises One
can anticipate that the arterial oxygen saturation will rise about 10
per cent when the patient breathes oxygen A larger increase of the
arterial oxygen saturation suggests esther that some other mechanism
was entirely or i part responsble for the hypoxemua or that the pro
portion of the nght ventricular output flowng through the shunt
became less duning oxygen breathing This may occur n certam
patients with congemtal heart disease and pulmonary vasoconstriction
(Chap 3)

Hypovenua 1s present 1 patients with night to left shunts because
the venous oxygen saturation 1s so much lower than the oxygen satura




Hypoxia Hypoxerma and Cyanosis 175

tion of the blood leaving the alveolar capillanes The carbon diouide
content of venous blood 1s only a Iittle bit lugher than the carbon
dioxide content of blood leaving the alveolar capillaries and thus
sigmficant carbon dioude retention seldom accompamies this type of
hypoxemia

Anatomical night to left shunts cardiac and pulmonary have been
discussed 1n Chapter 2 Atelectasis and other types of pulmonary
disease 1n which the alveol are perfused with blood but not ventilated
also cause effective right to left shunts Under these circumstances
venous blood passes through some sections of the lung without taking
up any oxygen and mixes with the blood leaving the normal alveolar
capillaries to cause reduction of the artertal oxygen saturation The
degtee of hypoxemia 15 a measure of the size of the shunt and hence
of the sevenity of the existing pulmonary disease It 1s of interest that
extensive pulmonary disease 15 often assoctated with surprisingly
little hypoxemia This 15 due to the fact that collapse or infiltration of
lung tissue usually causes oblteration of capillaries as well as of
alieoli As a result the nonventilated areas are no longer perfused
with blood In addition as discussed in Chapter 1 1t 1s possible that
a decrease of the alveolar oxygen tenston leads to pulmonary vasocon
striction so that nght to left shunts through hypoxic alveoli are
prevented

UNEVEN VENTILATION AND PERFUSION A more subtle form of
hypoxemia due to mpawed distnbution tesults from diminution of
ventilation without compensatory reduction of the circulation to some
areas of lung In hypoventilated alveol the oxygen tension falls with
the result that the blood leaving these alveoll has a reduced oxygen
saturation If this 1s accompanied by hyperventilation of other alveol:
the mixture of alveolar air from all of the alveoli may be normal
Hypotemia 15 present because the hyperventilated alveol contribute
blood which 15 very little raised in oxygen saturation since the blood
that leaves normally ventilated alveol 1s almost fully saturated with
oxygen Increase of the alveolar oxygen tension above 100 mm Hg
does not cause a corresponding ncrease of the oxygen saturation of
the blood Thus the low saturation blood from poorly ventilated
alveols mixes with normally saturated blood from hyperventilated
alveoly Hypoxemta results

This situation 1s generally accompanted by some carbon dioxide
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retention It 15 completely relieved by oxygen breathing unless there
are some areas of functional shunt completely nonventilated abveok.
If any air gets mto the alveol at all mspiration of oxygen will elevate
the alveolar oxygen tenston to well above 100 mm Hg and thus
praovide complete saturation of the blood flow ing through these alveoh
This type of hypoxemua s5 also treated by measures which mprote
the mtrapulmonary distrsbution of msprred air so that all of the
alveoh recewve similar amounts of ventdation Such measures mclude
broachodilators IPPB, and elimnation of nfection n the tracheo
bronchal tree

NORMAL ARTERIAL OXYGEN TENSION DIMINISHED
OXYGEN CONTENT

Hypoxemia occurs despite 3 normal artertal oxygen tension i
the blood when the oxygen combimng power of the blood 1s reduced
This happens m anemma when there are decreased amounts of hemo
globin present for combmation with oxygen, and in sifustions
which certain abnormal types of hemoglobin are present m the blood
When pigments such as methemoglobin and carbon monoude hemo
globia replace the normal hemoglobm 1 the blood, there 15 a dimin
ished quantity of the latier available for combimation with oxygen

Carbon Monoxide Porsoning

Inspiration of low concentrations of carbon monoxide 15 harmful
because carbon monoxide has a much greater afiinity for hemaglobin
than does oxygen Even when the partial pressure of carbon monoxide
m the alveolt 1s much lower than that of oxygen, most of the hemo
globin becomes bound by carbon monoxide In addion carbon
monoxide hemoglobm appears to have the umque property of pre
venting d on of oxyh lobin and so oxygen 1s not released
to the tissues Treatment 1s elevation of the alveolar oxygen tension
and reduction of the alveolar carbon monowde tenston so that Oy
hemoglobn will be formed and carbon monoude hemoglobin
decreased This 1s accomplished by mhalation of oxygen, with artificral
ventilation f necessary

IMPAIRED CIRCULATION-—STAGNANT HYPOXIA

Artertal ovygen tension and content may be normal but tissue
hypoxa still occurs if inadequate amounts of blood reach the tissues
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relative to metabolic needs In occlusive peripheral arterial disease
or when the cardiac output 1s reduced, the blood flows through the
tssues very slowly The cells extract so much oxygen from the blood
that the oxygen tension draps to very low levels before the blood
reaches the end of the capillary As a result some of the cells are
exposed to blood contaiming oxygen at a very low tension Oxygen
cannot diffuse mto these cells at sufficiently rapid rate to meet meta
bolic needs The functional consequences are different for each organ
and the degree of impairment depends upon the metabolic rate and
the blood supply to the organ

Treatment of hypoxia of this type depends upon mmprovement of
the circulation If systemic blood flow 1s reduced hypoxia may be
corrected by measures mmed at improving cardiac function (Chap
4) Hypoxia due to arterial obstruction may be relieved by sympa
thetic block chemical or surgical or by reconstructive vascular
surgery Very Iittle 1s achieved by treatmg this type of hypoxia by
whalation of oxygen (Chap 5 Ischemic Heart Disease)

CYANOSIS
Cyanosis 18 not sy with hyp Ithough reduced
artenal oxygen saturation 1s one cause of cyanosis Cyanosis 1S present
when there are abnormally large of reduced 1 lobm 1

the systemic capillanes Its intensity depends upon the amount of
hemoglobm present 1n the blood the red cell concentration and upon
the average oxygen saturation of the blood flowing through the skin
capillaries The latter depends upon the oxygen saturation of the
blood entering the capillanies the arterial oxygen saturation and
upon the amount of oxygen extracted from the blood as 1t traverses
the capillary The lower the artertal oxygen saturation and the greater
the extraction of oxygen from each umt of blood the lower the mean
capillary oxygen saturation will be The rate of extraction of blood
from the capillanies depends upon the metabolic rate of the tissues
and upon the magnitude of the blood flow More oxygen 1s extracted
if the metabolie rate 15 Ingh than if 1t 1s low and more oxygen 1s ex

tracted from each umt of blood if the total amount of blood flow to
the tissues 15 reduced The ntensity of cyanosis then 1s related to the
bematocrit to the artenal oxygen saturation to the skin oxygen
consumption and to the amount of blood flow through the skin
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The intensity of cyanosis 15 also dependent upon the structure of
the sk, the ease with which the dark pigment m the capillares 1
vistble to the observer It 1s not surprising that cyanoss 1s unrehable
as a clinical sign of hypoxemia and that the correlation between
cyanosis and the arterial oxygen saturation 15 poor In an mdwidual

DISTRIBUTION OF
A
ALVEOLAR BLOR C\T’BGG s OIFFUSION
it ACI
VENTILATION ~ RIGHT=TO-LEFT SHUNTS  \\eoraR
MEMBRANE
TISSUE CAPILLARY
OXYGEN N Flloé}“?
ARTERIAL OXYGEN SATURATION CONSUMPTIO!
MA- TISSUE EXTRACTION
OF OXYGEN

MEAN CAPILLARY BLOOD OXYGEN SATURATION

HYPOXIA
CAPILLARY

SKIN
TRANSLUCENCE _ YOLYME HEMATOCRIT

CYANOSIS

Fig 23 Schematic summary of the relationsh ps between hypo ema hypoxia ond
eyanosls Hypo emia moy result from reduced alveolar ventilaton smpar ed distribution of
blood and gas 1n the fung or impared d flus on ocross the al ealor cop ltary memb ane
Ether hypoxemia or increased e traction of oxygen by the tisves may lead to redueed
oxygen saturation of the blood flowing th ough the capillanes hypo fo whch s @ major
cause of cyanosis

with normal skin and hematocrit cyanosis 1s only evident when the
artenial oxygen saturation 1s lower than 85 per cent An elderly thi
skinned individual may appear cyanotic when the arterial oxygen
saturation 1s normal Proper evaluation of hypoxemia requires artenal
blood gas analysis and the absence of cyanoss 1s no assurance that
the artenal oxygen saturation 1s normal

POLYCYTHEMIA
Polycythermia 15 an important complication of hypoxem2 Direct
or humoral stimulation of the bone marrow by lowered arterial oxygen
saturation causes an mecreased production of red blood cells 1 direct
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proportion to the degree of hypoxemia Natives residmng at an altitude
of one mile 1n Denver have shight but defimte polycythemia by sea
level standards and this becomes mncreasingly severe 11 populations
Tving at lugher altitudes

Polycythemia appears to be a compensatory adjustment to prevent
tissue hypoxia It causes increased oxygen carrymg power of the
blood and hence ncreased oxygen supply to the tissues When poly
cythemia becomes severe, however 1t may be deleterious i that the
mcreased viscosity of the blood causes an increased resitance to
blood flow For this reason particularly mn the presence of heart
falure phlebotomy 1s advised if the hematocnt becomes very high
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This s true both congemital heart disease (Chap 3) and mn pulmo-
nary disease The optimal degree of polycythemra i either situation 1s
Dot known but 1n pulmonary emphysema 1t 15 customary to heep the
hematocnt below 60 per cent n order to prevent the development of
Tight heart fajlure

Polycythemia vera 1s a pruimary disease of the bone marrow Dis
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tinction between pnmary and secondary polycythemsa 15 generally
provided by measurement of the arterial oxygen saturation In con
gemital heart disease, severe polycythemia is always accompamed by
severe hypoxemia If the hematocnt 15 over 50 because of pulmonary
disease the artenal oxygen saturation 15 generally less than 90 per
cent (Fig 24) On the other hand mulder degrees of polycythemia
may be present when the arterial oxygen saturation 1s nearly normat
and so differentiation of such cases from mid polycythemsa vera may
be difficult This 15 complicated by the fact that polycythemia vera
may cause reduction of the artersal oxygen saturation to levels as fow
as 90 per cent because of secondary effects on the lungs On the other
hand if one can make a defimtive dragnosis of a disorder which could
lead to hypoxemta secondary polycythema 15 probably present
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CHAPTER 12

DYSPNEA

A common problem encountered by the practicing physt
cian 1s that of the patient who complams of shortness of breath Itis
sometunes difficult to decide whether this symptom 1s the result of
heart disease, lung disease or neither A vanety of tests of cardio
pulmonary function are useful 1n the evaluation of such a patient

THE NATURE OF DYSPNEA

Shortness of breath 1s a symptom and not an objective laboratory
measurement Two patients with identical alteration of pulmonary
or cardiac function may have very different complamnts, an mdividual s
subjective reaction to disease 1s of paramount mportance n ks
description of his symptoms

It 15 not known whether dyspnea 1s a reflection of an dwiduals
need for more ventilation perhaps because of oxygen Jach excessive
carbon dioxide mn certamn cells or discomfort mduced by the mereased
work of breathmg Since dyspnea often occurs m the absence of a
demonstrable abnormality of the arterral blood gas composition 1t
cannot be ascribed to hypoxemia or hypercapnia

If one runs upstairs dyspnea 1s not noticeable unt:l one reaches
the top of the stars and starts to pant During the ascent dyspnea
1s usually not present This may result from the fact that the subject
1s distracted by his exertion and 1s not hyperventilating At the end of
the clmb, he breathes rapidly and deeply and becomes aware of
shortness of breath

Although dyspnea 15 probably related to awareness of increased
work of breathing other factors may be important For example 1t 1S
not clear that the sensation of air hunger n the nadequately ventilated

182
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respirator patient 1s true dyspnea Certamnly feelings of suffocation
and of apprehension accompanying the mability to breathe are factors
which color and intensify dyspnea

By phystological study one may determine the presence or absence
of some abnormalities which may make breathing difficult and lead to
shortness of breath On the other hand 1t 15 impossible to state how
much shortness of breath should be present m a given patient and
what level of ventilation mught be uncomfortable The followmng
should be interpreted with this 1n mind

PATHOPHYSIOLOGY

Although there are no objctive indexes of the presence and
seventy of dyspnea a good deal of information 1s available about the
various types of abnormality of cardiopulmonary function that are
encountered 1 patients who complain of 1t From this type of nfor
mation 1t 1s possible to construct a hypothesis about the cause of
dyspnea 1n terms of abnormal physiology and to outline the tests that
are useful m defining whether or not such abnormalities are present
n a given patient and whether or not they are sufficiently severe to
cause dyspnea

INCREASED WORK OF BREATHING
Increased Intrathoracic Pressure Swing

It 15 not immediately apparent why disease of the heart should
result n shortness of breath but 1t 15 becoming increasingly clear that
dyspnea even 1 patients with heart disease 1s largely the result of
abnormalities 1n the lung In heart disease these consist imtially
of pulmonary vascular engorgement and 1 advanced disease of
actual change 1n the lung parenchyma 1¢ pulmonary fibrosts Both
Processes cause mcreased lung stiffness and hence mncreased work of
breathing smce mncreased force must be applied to the lungs to pro
duce a normal amount of ventilation Marshall and s collaborators
have recently shown that when dyspnea occurs duning heavy activity
I normal subjects or during muld activity 1n patients with mutral
stenoss there 15 one common d a large of the
fespiratory vamation of mtrathoracic pressure In both situations
dyspnea appears when this pressure swing approaches 40 cm of
Water In the patient with mitral stenosts this happens at a low level
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of activity and ventilation because the lungs are more resistant to
stretch, whereas the normal ndividual only develops so large 2
respiratory vanation of intrathoracic pressure durmng heavy activity
The reality of dyspnea as a symptom of underlymg disease may be
determined by measuring the intrathoracic pressure during condztions
when dyspnea 1s present This 15 easily done by passing a small tube
mto the esophagus for recording of the pressure fluctuations there a
satisfactory mdex of intrapleural pressure change

Hyperventilation

Some types of lung disease lead to reflex hyperventilation which
coupled with arrway obstruction and/or decreased comphance adds
to the work of breathing Pulmonary congestion either from mutral
stenosis or left ventricular failure, 15 associated with reflex hyper
ventilation, both during rest and exercise Tachypnea also occurs 1n
pulmonary fibrosis and 1 pulmonary vascular disease Patients with
these disorders hyperventilate at all levels of activity This coupled
with the fact that each level of ventilation requires more than normal
amounts of respiratory work because of parenchymal or amrway
abnormality results 1 dyspnea

HYPOXIA OF RESPIRATORY MUSCLES

Another aspect of this symptom 1s largely theoretical and concerns
the oxygen supply to the respiratory muscles If one postulates that
dyspnea 1s the result of nervous impulses from overworked respiratory
muscles one mught assume that reduction of the oxygen supply to
these muscles mught lead to the same symptom at a lower level of
work This 15 entwely speculative but may explain the fact that
dyspnea occurs m anema and 1 some cases of heart failure when the
work of breathing does not appear to be great The amount of oxygen
brought to the resp Ty les 15 dependent upon the blood flow
to the muscles and upon the amount of oxygen n that blood Reduc
tion of cardiac output of the oxygen combimning power of the blood
or of the arterial oxygen saturation might lead to dyspnea at a rela
tively low level of respiatory work These relationships are sum
marnized schematically 1 Figure 25 The exact contribution of each to
the development of dyspnea awaits the more precise delineation of
this symptom and 1ts neurophysiological basis
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ERVENTILATION TACHYPNEA HYPOXEMIA ANEMIA  CARDIAC
OUTRUT
INCREASED WORK OF REDUCED OXYGEN SUPPLY
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\DYSPNEA/

Fg 25 Schematc summary of th foctos I ading to the de elopment of dyspnea In
9 ovs typ 5 of card opulmo ary dsease It is based pon the hypothes s that dyspnea
Gccurs when Ihe e p atory m seles are forced to do more wo k than can be met by the r
exygen s pply

PHYSIOLOGICAL DIAGNOSIS OF THE CAUSE OF DYSPNEA
HEART DISEASE

With this as background 1t becomes pertient to examine the
varous types of dsease that cause dyspnea and to seek physiological
clues to their presence

Cardiac disease apy ly causes dyspnea b of dary
changes 1 the lung The first of these elevated pulmonary capillary
pressure may be determuned by cardiac catheterization (Chap 5)
[ s 1 the pul y capillaries causes transudation of
fud mto the imterstices of the lung This makes the lungs stiffer or
less compliant and reduction of the lung complance 1s found 1m
Patients with dyspnea due to heart disease A rough index of the
extent of pulmonary congestion 1s the degree of reduction of the vital
capacity Encroachment of fluid filled areas upon air contamning lung
causes reduction of all the subdivisions of lung volume of which the
vital capacity 1s the most easily measured

Pulmonary congestion leads to reflex hyperventilation with the
Tesult that excessive amounts of carbon diovide are blown off and the
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artersal carbon dioxide tension 1s reduced both during rest and exer
cise The arterial oxygen saturation 1s generally normal or only shghtly
reduced, although severe pulmonary congestion, with pulmonary
edema may lead to hypoxemia (Chap 10)

Another abnormality generally found when a cardiac patient
reaches the pomt of complaiming of dyspnea 15 reduction of the
cardiac output In mild cases the cardiac output may be normal at
rest but fail to rise normally durmg exercise This may be measured
and compared te normal values for a given task A smmpler and more
generally available measurement 1s that of the pulse rate during rest
and exercise Normally this mcreases 6 to 8 beats per munute for each
100 cc mcrease of oxygen consumption Patients with heart disease
respond to a given task with a greater degree of tachycarda than
normal subjects so that measurement of the heart rate during exercise,
for which the oxygen consumption 15 exther known or measured may
be a useful gmde to the presence or absence of heart disease as a cause
of shortness of breath

Recently considerable attention has been given to the Valsalva
maneuver as a test of cardiac function Normally if one rases the
intrathoracic pressure to 30 to 40 mm Hg for 15 seconds by blowms
agamnst a mercury column the systolic blood pressure nises and then
after 1 to 3 seconds of stram falls sharply to near control levels
Upon release of the strain, there 1s 2 prompt fall to a subnormal pses
sure followed by an overshoot or rebound to a high level Patients
with heart disease are characterized by absence of the first fall of
pressure duning contmued stram and when the stratm 15 released, by
fall of the pressure to normal without a secondary nse The finding of
such a response suggests that dyspnea 1s due to heart fatlure and 3
normal response tends to exclude cardiac disease as the cause of
dyspnea

PULMONARY DISEASE
Pulmonary disease sufficient to cause shortness of breath may be
duvided nto three categories restuctive obstructive, and vascular

Restrictive

Restrictive pulmonary disease the result of pulmonary fibrosis
causes dyspaea both by reflex tachypnea and by decreased lung com
phance This may be accompanted by surprisingly lttle abnormality
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arterial carbon dioxide tenston 1s reduced both during rest and exer
aise The arteral oxygen saturation 1s generally normal or only shghtly
reduced, although severe pulmonary congestion with pulmonary
edema may lead to hypoxemia (Chap 10)

Another abnormality generally found when a cardiac patent
reaches the pomt of complammmg of dyspnea 15 reduction of the
cardiac output In mild cases the cardiac output may be normal at
rest but fail to rse normally durmg exercise This may be measured
and compared to normal values for a given task A sumpler and more
generally available measurement 1s that of the pulse rate during rest
and exercise Normally this mereases 6 to 8 beats per minute for each
100 cc increase of otygen consumption Patients with heart disease
respond to a given task with a greater degree of tachycardia than
normal subjects so that measurement of the heart rate duning exercise
for which the oxygen consumption 15 esther known or measured may
be a useful guide to the presence or absence of heart disease as a cause
of shortness of breath

Recently considerable attention has been given to the Valsalva
maneuver as a test of cardiac function Normally, if one raises the
mtrathoracic pressure to 30 to 40 mm Hg for 15 seconds by blowmg
agamst 2 mercury column, the systolic blaod pressure rises and then
after 1 to 3 seconds of stram, falls sharply to near control levels
Upon release of the strain there 1s a prompt fall to a subnormal pres
sure followed by an overshoot or rebound to a high level Patients
with heart disease are characterized by absence of the first fall of
pressure during continued strain and, when the stram 1s released, by
fall of the pressure to normal without a secondary rise The finding of
such a response suggests that dyspnea 1s due to heart failure, and a
normal response tends to exclude cardiac disease as the cause of
dyspnea

PULMONARY DISEASE
Pulmonary disease sufficient to cause shortness of breath may be
dvided mto three categories restrictive obstructve and vascular

Restrictive

Restrictive pulmonary dsease the result of pulmonary fibrosis,
causes dyspnea both by reflex tachypnea and by decreased lung com
phance This may be accompanied by surpnsingly little abnormality
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cardiopulmonary function 1n the vanous types of disorders that cause
dyspnea are summarized 1n Table 5
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diffusing capacity although such is hkely if the pulmonary capillaty
bed and hence the size of the surface available for gas exchange are
reduced Arteral blood gas analysis reveals reduced Peo, because of
the hyperventilation The artenal oxygen saturation 15 usually normal
or shghtly reduced Pulmonary hypertension 1s always present 1n these
patients and the diagnosis of pulmonary vascular disease may be
established or excluded by measurement of the pulmonary vascular
resistance by cardrac catheterization

TaBLE 5

Disease Cause of dyspnea Physiological abnormality

Heart failure Congested stiff lungs  Elevated pulmonary capillary
Reflex tachypnea pressure
Reduced lung complance
Reduced vital capacity
Reduced artenial Peo,
Subnormal cardiac output
Abnormal Valsaha
Pulmonary fibrosts  Stiff lungs Reduced diffusing eapacity
Reflex tachypuea Reduced Jung comphance
Reduced vital capacity
Reduced artenal Peo,
Hypoxemta (in severe cases)
aggravated by exerctse re
lieved by Oy
Obstructive pulmo  Resistance to air flow €O, retention and hypoxemia f
pary disease m and out of lungs severe
Expiratory delay on spirography
Pulmonary vascular Reflex tachypnen Normal ventilatory function
disesse Reduced arterral Peo,
Reduced diffusing capacity ?
Pulmonary hy pertension

SUMMARY

In summary, dyspnea occurs most commonly when the work of
breathing becomes excessive This happens when each breath 15 made
dfficult by stiff Jungs or by amrway obstruction or when the respira
tory rate 1s unduly rapid It occurs i normal people durmg heavy
activity which requires a large amouat of respicatory cffort and during
mild actvity 1n patents with cardiopulmonasy disease The reasons
for mcreased respiratory work and the accompanying alterations of
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Duning exercise the tissues produce increased amounts or carbon
dioxide and consume mncreased amounts of oxygen There 1s a cor-
respondimg increase of the output of carbon dioxide mnto the alveol
and of the consumption of oxygen from the alveol: If alveolar vent:
Iation did not change the alveolar carbon dioxide concentration
would nse and the alveolar oxygen concentration would fall Actually
the alveolar ventilation does ncrease because of increase n the rate
and 1n the depth of total ventilation As a result there 1s httle altera
tion of the alveolar gas composition The cause of this hyperpnea 1s
not entiely clear but it apparently results from stimulation of the
Tesprratory centers by multiple factors The net result 1s relative con
stancy of alveolar and arterral blood gas tensions

Increased Diffusion

The other demand on pulmonary function 1s the duffusion of
increased amounts of oxygen across the alveolarcapillary membrane
This 15 achieved by three mechanssms (1) development of an
creased pressure gracient for diffusion of oxygen across the alveolar
membrane (2) mcreased rate of blood flow through the alveolar
capullaries and (3) increase of the “diffusing capacity of the lungs

INCREASED PRESSURE GRADIENT FOR DiFFusioN The rate of
diffusion of oxygen from the alveoli mto the alveolar capillary blood
15 dependent upon the diffusing capacity of the lung and upon the
Ppressure gradient of oxygen the difference between the partial pres
sure of oxygen 1n the alveoli and m the blood (Chap 1) Dunng
exercise the alveolar oxygen tension tends to stay constant in the
normal subject However the oxygen temsion m the venous blood
falls (see below Increased Tissue Extraction of Oxygen) As a result
the pressure gradient of oxygen between the alveolar air and the
blood entering the alveol 1s mcreased This causes an increase 1n the
rate at which oxygen diffuses across the alveolar membrane

INCREASED RATE OF BLoop FLOW THROUGH ALVEOLAR CAPIL-
LARIES A more mmportant mechanism for increasmng the rate of
diffusion across the alveolar-capilary membrane 1s provided by the
mcreased rate of blood flow through the alveolar capillaries a result
of the mncreased cardiac output (sce below) Since more vemous



CHAPTER 13

MUSCULAR EXERCISE

Muscular exercise represents a physiological stress to which
all people are subject to some degree It 1s of interest to exammne
the normal mechamsms of adaptation to exercise, the requurements
made of the cardiorespiratory system how these adaptations may
fail 1 disease, and the methods available for detectmg such fadure
Evaluation of the work tolerance of patients with cardiopulmonary
disease should be based on an understanding of the physiological
response to exercise

PHYSIOLOGICAL REQUIREMENTS IN EXERCISE

Muscular places a d d on the cardiorespiratory system
to supply ncreased amounts of blood to the exercismng muscles The
magmtude of this requirement depends upon the amount of work
performed Ample data are at hand as to the amount of ovygen
required for vanous types of activity For example Passmore and
Durnin have mdicated that sitting driving a car, or playing a musical
mstrument doubles the resting oxygen consumption and that slow
breycling or dancing trples 1t If data are not available the energy
requured for a task may be readily estimated by measuring an ndivid
ual s oxygen consumption while he performs that task

PULMONARY ADAPTATIONS
Increased Alveolar Ventilatton

How 15 this demand for more oxygen met by the cardiosespiratory
system? In the case of the lungs 1t 15 met by wncreased alveolar ventt
lation and by increased diffuston of oxygen across the alveolar mem
brane so that there s no alteration of the arterial blood gas

composition 190



Muscular Exercise 193

output 15 also responsible for the increased rate of blood flow through
the alveolar capillanes as mentioned above

Increased Heart Rate

An ncrease of cardiac output may result either from an increase
of heart rate or from an increase of stroke volume An mncrease of
heart rate 15 the more mmportant factor 1 the increase of cardiac
output that occurs during exercise

The mechanism for the increase of heart rate during exercise 1s not
entirely clear Increase of body temperature and the internal secretion
of adrenalin may be factors Two causes of reflex tachycardia are
reduction of tissue oxygen tenston and reduction of blood pressure
secondary to dilatation of arterioles m the exercising limbs In both
cases hy serves to j¢ d heart
Tate leads to increased cardiac output which tends to elevate the tissue
oxygen tension 1t also causes increased blood pressure (Chap 1)

Increased Stroke Volume

An increase of stroke volume may also contribute to the mcreased
cardiac output Stroke volume increases if the ventricle contracts
more forcefully and expels more blood with each heart beat At rest
the normal ventricle only expels one half of its diastolic volume and
thus considerable reserve 1s available for ejection An increase of
stroke volume might also result from mncreased end diastolic volume
as a result of mereased venous return from the exercining muscles As
ponted out m Chapter 1 the force of ventricular contraction depends
upon the degree to which the myocardial fibers are stretched at the
end of diastole the end diastolic volume Increased end diastolic
volume would lead to a more forceful ventricular contraction and
hence increased stroke volume

Recent studies have mdicated that the end diastolic size of the
ventricle 1s normal or even reduced during muscular exercise The
ventricle contracts with increased force even though 1t 1s not stretched
more during diastole than 1t 15 at rest During muscular exercise

bly because of n b 1 stimulation ventricular function
changes (Chap 4) The heart operates on a higher ventricular func
tion curve For a given degree of stretch 1t generates more stroke
work dunng exercise than at rest and stroke volume 15 increased




192 Chmical Appl: of Cardiopull ry Physwology

blood enters the alveolar capillaries during each minute more oxygen
diffuses out of the alveol nto the blood i each minute One might
expect that the blood would flow through the alveolar capillares so
raptdly that there would be insufficient time for enough oxygen to
diffuse mto the blood to bring the oxygen saturation up to normal
However, the normal diffusing capacity for oxygen 1s so great that at
rest the oxygen tension m the blood traversing the alveolar capilfary
approaches the oxygen tension 1n the alveolus long before the blood
reaches the end of the capillary This means that the blood may flow
through the alveolar capillaries much faster than 1t does at rest and
still take up 1ts full quota of oxygen Smce each umt of blood takes
up 1ts normal quota of oxygen and simce much more blood flows
through the alveoli 1n a given interval of time the amount of oxygen
diffusing across the alveolar membrane m that nterval of tme 18
mncreased 1n direct proportion to the mcreased rate of blood flow

INCREASED DIFFUSING CapaciTy Fumally, there s actually some
mcrease of the diffusing capacity during muscular exercise This
appears to be the result of expanston of the alveolar capillary bed 0
that there 1s an increased surface area avalable for diffusion of
oxygen This means that the rate of diffusion of oxygen across the
alveolar capillary membrane proceeds at an accelerated rate As 2
result of this and of the increased pressure gradient for diffusion
oxygen diffuses across the alveolar capillary membrane so fast that
even during very heavy exercise the blood leaves the alveolar capil
lartes with an oxygen tension which 1s almost as high as the alveolar
oxygen tension

CARDIAC ADAPTATIONS

The second major area of adjustment to exercise nvolves the
heart The tissue requirements for extra oxygen may be made up
erther by the extraction of mcreased amounts of oxygen from the
blood which 1s flowing through the tissues an increased arteriovenous
difference or by an mcreased supply of oxygen laden blood to the
tissues an increase of the cardac output Dunng mild exercise, the
wncreased oxygen uptake 15 about equally divided between these w0
mechamsms During heavier exercise, the burden falls ncreasingly
upon the heart as the tissues reach the lumit of ther ability to extract

oxygen from the blood flowing through them Increased cardiac
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gen tenston to be mamtained at a relatively normal level an impor
tant mechanism for preventing hypoxia of the cells at the end of the
capiilary (Chap 11)

Reduced Blood Flow to Nonexercising Tissues

Nonexercising tissues also extract more oxygen from the blood
flowmng through them even though their metabolic rate 13 mot 1n
creased During exercise  vasoconstriction causes duminution of the
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blood flow to these tissues They continue to take up normal amounts
of oxygen from the blood with the result that when the blood flow 15
reduced they must extract increased amounts of oxygen from each
umt of blood This increased extraction of oxygen 1s aided by the
change 1n the character of the oxygen dissoctation curve mentroned
above Reduction of the oxygen saturation of the blood leaving the
mactive tissues contributes to the reduction of the oxygen saturation
of the mixed venous blood and hence to the increased mean arterio

venous oxygen difference which 15 characteristic of muscular exercise
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Together, the tachycardia and the change mn ventricular function
cause an increase 1 cardrac output which 1s adequate to meet the
needs of the exercising orgamsm These responses appear to be under
the control of neuro regulatory centers which so regulate the cardiac
output as to mamntamn homeostasis This 15 stmilar to the neural regt
lation of the magnitude of the alveolar ventlation, the rate and depth
of respiratron bemng 5o controlled as to mantam just enough alveolar
ventation to heep the alveolar gas composition constant 1n the face
of a changing metabolic rate

INCREASED TiSSUE EXTRACTION OF OXYGEN

The mncreased oxygen consumption that occurs during exercise 1S
not matched exactly by ncreased cardiac output This means that
the tissues must extract increased amounts of oxygen from the blood
flowing through them When the cells consume mecreased amounts of
oxygen the partial pressure of oxygen 1n and around the cells falls
This causes an accelerated rate of diffusion of oxygen out of the capil
lary blood nto the cells As a result, more oxygen 1s extracted from
the blood flowing through the tissues and the venous oxygen satura
tion falls

In addition to the increased oxygen cc ption of the
tissues there are two other important mechamsms which provide for
increased extraction of oxygen from the blood There 15 a change 18
the character of the oxygen d 10n curve of hemoglobin so that
more oxygen 1s yielded at a given partial pressure and there 1s a 1¢
duction of blood flow to nonexercismng tissues so that these tissues
also extract more oxygen from the blood flow:ng through them

Increased Release of Oxygen from Hemoglobin

As mentioned above a fall of oxygen tension 1 and around meta
bolically active cells Jeads to diffusion of mncreased amounts of oxygen
out of the blood mto the cells In addition the mcreased metabolic
rate leads to increased carbon dioxide tension and/or decreased pH
of the blood This causes a change n the character of the oxygen
dissociation curve of hemoglobin  less oxygen 1s combined with
hemoglobin at a given partsal pressure As a result 1ncreased amounts
of oxygen are gven up to the tissues without an mcreased fall of the
partial pressure of oxygen in the blood This enables the venous oxy
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sumption Finally, the venous pressure 1s usually apt to be elevated
m heart fallure This 15 particularly true during muscular exercise
when the 1mpaired heart cannot pump forward the increased venous
return from the exercising limbs

Imparred cardiac function may be the result either of valvular
disease or of impaired myocardial function The general abnormalities
mentioned above decreased cardiac output excessive tachycardia
and elevated venous pressure are apt to be present 1 cardiac himita
ton of any type In addition specific physiological abrormalities are
associated with each type of heart disease and are discussed n
Chapters 3 and 5

CLINICAL IMPLICATIONS OF EXERCISE STUDIES
WORK EVALUATION

By appropriate study one can learn what level of exercise a pa
fient can tolerate with comfort and what factors are responsible for
lmitation of his ability to do muscular exercise Observation of a
Pattent during exercise particularly if carried out 1 conjunction with
measurement of some of the parameters mentioned above 1s a useful
supplement to a careful chintcal history The latter probably represents
the most useful measure available for work evaluation swnce a level
of work which produces symptoms 1s 1 general excessive

Further experience may del of toler
ance which will provide objective indexes that are more valid than a
Patients symptoms For example 1t may be that in a patient with
heart disease performance of a gien tash 1s associated with an

Inadequate cardiac output before symptoms occur If such can be
shown to be detrimental to the patient measurement of cardiac out
Put or possibly of pulse rate during exercise may become very useful
1n establishing a patient s safe level of work tolerance

It 15 difficult to translate this type of information 1nto clmcal
Practice Many forms of exertion are of the sudden spurt type
They require the mstantaneous expenditure of large amounts of
energy which may be available through anaerobic metabolism This
1s manifest later as oxygen debt energy which 1s available for a brief
Period of time but which must be paid off later during a pertod of
Test The degree to which a patient can meur an oxygen debt with
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and which reflects the fact that mncreased amounts of oxygen are
extracted from the blood by the whole body

The factors which provide the mcreased oxygen uptake during
muscular exercise are outhned schematreally in Figure 26

FAULTY PHYSIOLOGICAL ADAPTATIONS TO EXERCISE

INADEQUATE PULMONARY FUNCTION

In what types of disease are these adjustments imperfect and how
may this be manifest? The alterations of arterral blood gas com
position charactenistic of 1nadequate ventilation and of imparred
diffusion have been discussed mn Chapter 11 When work tolerance 1
hmited by impawed ventlatory function reduction of the wital
capacity and/or expiratory delay are generally evident on spirography
(Chap 6) In addition arterial hypoxemia and carbon dioxtde re
tentron are present particularly so i diseases mvolving obstruction
to the flow of air 1 and out of the lungs, such as pulmonary emphy
sema (Chap 6), but they may also occur 1n pulmonary fibrosis or 1n
the aveolar hypoventilation syndrome (Chap 7)

In pattents with a diffusion hmitation usually due to pulmonary
fibrosis (Chap 7) exercise 1s characterized by a precipitous fall of
the arterial oxygen saturation without rse of the artersal carbon
dioxide tension (Chap 11) The work tolerance of such patients may
be assessed by measuring the arternal oxygen saturatron at different
levels of exercise m order to determme at what level of work dif
fusion becomes nadequate so that hypoxemia appears Also, by
measuring the diffusing capacity of the lung, one can predict the level
of oxygen consumption that the patient 1s able to sustain

INADEQUATE CARDIAC FUNCTION

What measurements characterize the patient whose cardiac output
1s madequate for a given task? The cardiac output may be measured
directly and compared to the normal value for that level of oxygen
consumption If 1t 1s low 1t 1s probably inadequate A clue to the
presence of 1nadequate cardiac output 1s excessive tachycardia during
exercise In patients with heart failure the stroke volume may actually
fall during exercise (Chap 4) and thus the heart rate may ncrease
excessively and be abnormally rapid for each level of ovygen con
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heart so called *athletes heart The latter 1s relatively larger and
stronger than normal It beats more slowly and more forcefully than
the normal and presumably 1s capable of greater work Agam this 1s
only of direct advantage to the individual 1 enabling him to do
harder and more sustained work There 1s no evidence that the
myocardial blood supply 1s increased out of proportion to the in
creased myocardial muscle mass and the athlete s heart may be no
better able than the normal to withstand the effects of occlusive
coronary artery disease

It would appear then that exercise causes physiological changes
which enable the individual to do more work but there 1s no evidence
that such changes are of value in terms of general health or of ability
to withstand the effects of cardiopulmonary disease Exercise 1s ap
parently capable of reversing the physiological abnormalities en
countered 1 neurocirculatory asthenta (Chap 5) and 1t may have
desirable effects as an adjunct to the control of obesity and on the
state of mind the bowel habits and the stature Otherwise until more
mformation 1s available there would appear to be no compelling
reason for a sedentanly inchined individual to indulge n muscular
exercise
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out harm 1s not known Oxygen debt can be calculated by measunng
oxygen consumption before, during and after performance of 2
task An abnormally large oxygen debt suggests cardiac impairment
and probably should be avorded Abnormal oxygen debt also cor
relates well with abnormal tachycardia, particularly during the re
covery pertod Patients who develop abnormal oxygen debt durng
exercise also reveal abnormally slow return of pulse rate to normal
The degree to which these measurements of work (olerance are
superior to chnreal evaluation remains to be proved and it 1s par
tricularly important to discover what degree of abnormality of these
parameters represents evidence that the associated task 1s detrimental
to the patient

BENEFICIAL EFFECTS OF EXERCISE

A recurrent question has been  What degree of exercise 1s harmful
to a patient? Just as difficult a problem 1s ‘ What degree of exercise
15 of benefit? Exercise which causes hypoxia 1s presumed to be harm
ful On the other hand a moderate degree of hypoxia may actually be
beneficial by causing growth of collateral blood vessels to the part
suffering from oxygen lack

Aside from this ghly theoretical possibility are there objective
benefits to be derived from muscular exercise? As an aid to correc
tion or prevention of obesity, 1t 15 obviously good Many people als0
obtain psychological benefit from exercise But are there direct phy
stological benefits? To attempt to answer this, one must examine the
chronie effects of muscular exercise on the orgamsm Any muscle that
1s subjected to ncreased work loads becomes hypertropued This 18
true of the limb muscles of the muscles of respmration and of the
heart In the case of the former the only known physiological ad
vantage 1s the ability to do more and harder workh There are no
known direct effects on the health of the mdividual as a whole In
creased strength of the respiratory muscles 1s also of dubious value
Even if the trained athlete has a greater than normal maximal breath
1ng capacity he 1s no better able to withstand the consequences of
pulmonary disease such as fibrosis or emphysema Limitation of
respiratory function 15 rarely related to the power of the thoracic
muscles so that mcrease of their strength 1s of no particular
advantage

Controversy has long raged about the effects of exercise on the



CHAPTER 14

TESTS OF CARDIOPULMONARY FUNCTION
IN CLINICAL MEDICINE

A pnimary ntention of this book has been to present an
planation of cardiopul Y P logy 1n health and disease as a
basis for understanding and nterpreting the various tests of cardio
pulmonary function that are available From the preceding chapters
the mdrcations for these tests should be fauly obvious and the mean
g of the resuits that one may obtan should be clear This chapter
15 2 recapitulation of some of that material mn order to summarze
when and how the specific tests are of value to the physician 1n the
diagnosis and treatment of s patients

RIGHT HEART CATHETERIZATION
Techmique

Raght heart catheterization 1s generally performed by insertion of
a catheter mnto an antecubital saphenous or femoral vein under local
anesthestra The catheter which 1s radiopaque 1s then advanced into
the night atrium right ventricle and pulmonary artery under fluoro
scopic control Information 1s provided (1) by visualization of the
position of the catheter when and 1if 1t enters the left side of the heart
aorta or pulmonary veins through abnormal channels (2) by meas
urement of the oxygen coatent of the blood in the various chambers
of the heart (3) by mjection of dye or of other indicator substances
mto the various chambers of the heart and sampling therr concentra
tion m the blood stream mn another location and (4) by measure
ment of the pressure 1n the various chambers of the heart (Chap 2)
Although arrhythmias are often seen as the catheter 15 passed through
the various chambers of the heart the procedure 1s generally without

201
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patients with ct istic physical and roentgen signs do not require
cathetenzation 1ndeed most patients with patent ductus arteriosus do
not require this test for accurate diagnosis In doubtful cases the 1n
vestigation should be carnied out and this applies to patients suspected
of having functional murmurs 1n whom defintive dragnosis 1s manda
tory

The functional c q of many 1 lesions requure
this type of physiological evaluation in order to make a decision for
or agamnst surgery The level of the pulmonary artery pressure 1s often
of great importance mn deciding that surgery 15 mndicated or that it
would be too hazardous In pulmonary stenosis for example a
markedly elevated systolic pressure 1n the nght ventricle 15 an mndica
tion for pulmonic valvulotomy (Chap 3) In septal defects or patent
ductus arteriosus on the other hand a systolic pressure 1n the nght
ventricle which 15 simular to or higher than that m the aorta 15 a
contraindication to surgery

Rught heart catheterization 1s also useful 1n evaluating certain types
of acquired heart disease Characteristic pressure tracings may be
helpful 1n making a diagnosis of constrictive pericarditis (Chap 5)
The Jevel of pulmonary artery pressure particularly 1n comjunction
with measurement of the cardiac output at rest and dunng exercise 15
helpful n defining the stage and the severity of mitral stenosis (Chap
5) The level of the end-diastolic pressure m the right ventrcle 1s an
mndication of the presence or absence of mght ventricular fadure
(Chap 4) Fnally as mentioned below the use of cardiac catheten
zation to measure the cardiac output has many applications m the
evaluation of patients with cardiopulmonary disease

Limitations

There are many ways 1z which the results of right heart catheter
1zation may be mterpreted erroneously particulatly with respect to the
diagnosis of congenttal lesions As discussed n Chapter 2 a large
left to right shunt may be d with a gradi
ent across the pulmomec valve leading to an mccnect diagnosis of
pulmonic stenosis Left to nght shunts mvolving 25 per cent of the
flow 1nto the 1nvolved chamber of the heart may escape detection by
the oxygen step up” techmque because the amount of flow s too
small to alter the oxygen saturation of the venous blood For this rea
son a clinical diagnosis of ventncular septal defect need not be
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TABLE6  NORMAL VALUES FOR SOME PARAMETERS OF
CARDIOPULMONARY FUNCTION

PRESSURES IN THE CARDIOVASCULAR SYSTEM

Pulmonary artery 25/8 mm Hg
Right ventricle 25/0 mm Hg
Right atnium Smm Hg
Systemic veins 100 cm H,0O
Systemic artenies 120/80 mm Hg
T eft ventricle 120/4 mm Hg
Left atnom 5mm Hg
Pulmonary capillary ( wedge )} 5 mm Hg
BLOOD FLOW
Resting cardiac index 80 hters/mm /sq meter BSA
LUNG MECHANICS
Lung comphance 02 hter/em H,0
Arrway resistance 16 cm H O/liter/sec
VENTILATORY FUNCTION AND LUNG VOLUMES
Maximal md expiratory flow 4 0 Iiters/sec
Vital capacity 50 liters
Timed wital capacity 98% 1n 3 seconds
Maximum breathing capacity 150 hiters/min
Residual vol /total lung capacity 279,
7 nitrogen <2%
DIFFUSING CAPACITY
Rest 15 cc CO/mm /mm Hg
Exercise 25 cc CO/mmn /mm Hg
ARTERIAL BLOOD GASES
Ox;y gen saturation o7
Oxj gen content 20 volumes %
Oxygen tension 96 mm Hg
Carbon dioxide tension 40mm Hg
pH 740

nsk except 1n senously 1l patients particularly those with cyanosis
due to congenital heart diseases or those with disorders such as prt
mary pulmonary hypertension or Ebsten s anomaly of the tricuspid
valve (Chap 3)

Indications
This procedure 15 mdicated for the definitive diagnosts of valvular
lesions of the right side of the heart and intracardiac shunts Many
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secondary to aortic stenosis from that due to wschemic heart disease
A systolic pressure gradient between the left ventricle and aorta ind:
cates the presence of hemody 1ly signufi aortic

The ab: of a grad ggests that although stenosis may be
present and may cause the characteristic murmur and thnll 1t 1s not
of hemodynamic sigmificance and that sct heart disease 15
mainly responsible for the patients symptoms Thus although this
procedure 15 generally not necessary 1 order to mahe a diagnosis of
aortic stenosis 1t should be done before surgery in order to make
sure that the lesion 1s of consequence to the patient

Limitations

The number of patients who have been subjected to this techmque
1s far smaller than that of patients who have undergone nght heart
catheterization and 1ts rish 15 difficult to assess At the present time
its use 15 generally himited to those patients i whom the information
to be dernved will be decisive 1n deciding for or aganst surgery of the
nutral or aortic valve

CARDIAC OUTPUT
Technique

Cardiac output may be measured by the Fick prmciple (Chap 1)
This requires simultaneous collection of samples of (1) mixed venous
blood obtamed from the night ventricle or pulmonary artery (2)
artenal blood and (3) exprred air Mixed venous blood 1s difficult to
obtamn but may be collected during night heart catheterization (see
above) In many individuals a polyethylene catheter can be inserted
1mto the mght ventricle or pulmonary artery for this purpose

Cardiac output may also be measured by dye or 1sotope dilution
techniques These require 1mjection of the ndicator material nto a
peripheral vemn whereupon arterzal blood 15 collected through a suit
able detecting strument This type of tect 1s without fi
sk and imposes very hittle discomfort on the patient

Indtecations

In some cases of congestive heart faiture of unknown etiology the
level of the cardiac output may be helpful m arriving at the correct
diagnosis A igh cardiac output suggests thyrotoxicosts anemia em
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deemed incorrect 1f catheterization findings are normal Valvular
sufficiency may lead to the finding of an oxygen step up 1n the cham
ber of the heart proximal to that mnvolved 1n a left to right shunt, and
so a ventricular defect may be misdiagnosed as an atrial septal defect
On the other hand poor mixing of shunted blood may make 1t appear
as 1f the shunt were one chamber distal to that actually involved, so
that an atrial defect may be incorrectly cailed a ventricular septal de
fect Analysis of many samples of blood will generally obviate most
of these errors, and the introduction of dye and other techmques has
greatly increased the accuracy and the sensttivity of the technique

Right heart catheterization 1s not helpful m revealing the presence
or absence of lesions 1n the left heart, but the secondary effects of
such lesions on the pulmonary circulation may be assessed Although
the risk 15 slight m most patients the discomfort the need for radia
tion, and the occasional but not sertous aftermath of phlebitis require
that definitive mdication be present before the procedure 15 employed
Its use 1s restricted to laboratories 1n which the procedure can be car
rted out by experienced, trained personnel

LEFT HEART CATHETERIZATION

Technique

This procedure may be performed by mserting a needle mto the
left atnum through the back through a bronchoscope, through the
supertor mediastum or through the atnal septum A catheter may
then be threaded through the needie nto the left ventricle An alterna
tive techmique 15 to nsert a needle directly mto the left ventricle
through the anterior chest wall Information is derived from pressure
measurements dye dilution curves and measurement of the oxygen
saturation of the blood 1n the left atrium and left ventricle

Indications

Ths technique 15 mdicated primanily for the evaluatson of mitral
stenosis and aortic stenosis In the case of the former, left heart
catheterization may be necessary to establish the presence of hemody
namically significant mutrat block and 1s valuable in distinguishing
between mutral stenosis and mutral msuffictency (Chap 5) In aortic
stenosts the diagnoss can usually be made chimcally but 1t may be
difficult to distingussh left ventricular failure or angina pectoris
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As used clinically the measurement depends upon the subjective
determmation of the time of arrival of the indicator substance by the
patient This may be very unreliable For this reason objective meas
urement with dye or with a breath holding techmque 1s to be prefer
red The measurement of the circulation time 1s useful mn following
the course of a patient with congestive heart failure, but definitive
assessment of hemodynamic events requires more elaborate study It
15 of great value clinically 1n that a short circulation time suggests the
presence of the hyperkinetic state, a finding which may lead to the
d of a specifically remediable lesion

ANGIOCARDIOGRAPHY
Technique

Roentgenographic outline of the cardiac chambers and great ves
sels 15 provided by the rapid imjection of a contrast matersal into 2
basilic vemn or through a catheter into the night side of the heart
followed by a series of rapid exposures of X ray films Information 1s

b 1 by direct visualization of abnormal circulatory pathways if
the shunt 1s from night to left by visualization of narrowed valves by
visualization of the interior of the ventricles during systole and
diastole 1n order to estimate heart size and the amplitude of ventricu
lar contraction and by visualizmg regurgitation through an insuffi
cient valve Contrast matertal may also be injected into the left heart
for visualization of the aortic and matral valves and for detection of
Ieft to mght shunts

Indicahions

This techmque often provides the best defimtion of the site and
extent of congemtal lesions of the heart It 1s indicated 1n the pre
operative evaluation of all cases of congenital heart disease 1n which
catheterization studtes do not reveal the diagnosis Studies are under
way to apply this technique to the study of the pulmonary circulation
and 1t 1s possible that angtocardiographic study of the blood vessels of
the lung will provide useful information about the type and extent of
pulmonary vascular disease particularly as a complication of heart
disease
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physema artertovenous fistula or beribert whereas most diseases
leading to heart failure are associated with a low cardiac output The
presence or absence of heart fallure may be ascertained by measure
ment of the change of cardiac output after exercse and digitalization
(Chap 4) Frnally, dye or isotope dilution curves may be used to
exclude many types of heart disease without resorting to cardiac
catheterzzation 2 normal curve tending to exclude sigmficant degrees
of intracardiac shunt or valvular msuffictency (Chap 2)

Limitations

Although without nisk and productive of very httle discomfort to
the patient measurement of the cardiac output 1s not often necessary
It 15 most useful to the chnical physwologst for study of the patho
physiology of cardiopulmonary disease

CIRCULATION TIME
Technique

The circulation time between two parts of the cardiovascular sys
tem may be measured by mjection of an indicator substance mto one
portion of the circulation and detection of 1ts time of arrival at an
other area Arm to lung circulation tme 15 measured by tumung the
appearance of ether mn the lung after 1ts mjection 1nto a perspheral
vein lung to ear circulation time 1s measured by oxmmetnic recording
of the ume of onset of the rise of arterial oxygen saturation after
breath holding or after an mspiration of oxygen arm to ear circuld
tion time 1s measured by recording with an oxmmeter the appearance
at the ear of dye injected mto 2 vern a sumilar value 1s provided by
the decholin and fluorescein techniques which are used chntcally

Indications and Limitahions

The circulation time depends upon the velocity of blood flow from
the point of mnjection to the point of detection of the ndicator sub
stance and upon the d. of the latory pathway mnvolved
As such 1t 1s a reflection both of the cardiac output and of the size of
the vascular bed between the points of injection and detectiont Ahigh
cardiac output 1s generally associated with a short circulation fime
and a low cardiac output particularly since it 1s generally assoclated
with venous congestion causes a prolonged circulation time
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falls dunng the last few seconds of the forced expiration (stran)
After release of the stram the blood pressure rises above normal for
a few seconds The fall of blood pressure 1s thought to result from
decreased left ventricular output consequent to the penod of dimin
wshed venous return to the nght ventricle when the intrathoracic
Ppressure was raxsed In heart disease the b]ood pressure remarms ele
vated y t of the d reservorr of blood mn the
heart and lungs and there 15 no overshoot after the stram 1s term:
nated The degree to which this test 1s useful in chmeal medicine
remans to be assessed

Limitations

The relative innoc of the que has been mentioned
and complications are rare if firm pressure 1s maintained over the site
of artenal puncture for at least 10 mmutes after withdrawal of the
needle On the other hand the information to be denved from the
measurement 15 of lumited climcal value and measurement of the
blood p by the sphyg ric techruque 1s usually ade
quate

VENOUS PRESSURE
Technique

Insertion of & needle mnto a peripheral vemn for measurement of the
mean mtralumunal pressure 1s 2 common chnical technique but one
fraught with difficulties In assessing venous pressure one must esti
mate the height of the zero point of reference in relationship to the
level of the heart 1n order to correct for the hydrostatic effect and
one must make certain that the needle 1s patent inserted well mto the
ven and not agamst the wall

Indications

When properly performed estimation of the mean systemic venous
Ppressure 15 a helpful guide to the presence or absence of congestive
heart failure and to the response to therapy Recording of the central
venous pressure by threadmg a polyethylene catheter through the
needle may provide useful information mn evaluating perrcardinis and
tricuspid wsufficiency (Chap 5)
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Limitations

There 15 a nisk and a significant but low mortality wath this pro
cedure Contrast material may stream nto one vessel, resulting m
pulmonary or systemic embolism Cerebral embolism 1s partcularly to
be feared and embolism of a spmal artery has followed aortic an
grography These risks can be mimmized by proper control of the dose
and concentration of the radiopaque material As mn left heart cathe
terization the use of the techmque should be hmited to patients m
whom 1t 1s necessary as part of the preoperative work up

ARTERIAL PRESSURE
Technique

Systemic pressure 15 easilly measured by inserting a needle mto 2
major artery and recording the mtraluminal pressure fluctuations with
a pressure transducer The arterral puncture is pamless, but some
discomfort may be present after the local anesthesia wears off The
risk 15 nmegligible although the procedure should probably not be
performed on pateents with peripheral vascular disease The radual
artery 15 a convenent site for puncture particularly 1f the needle 15 to
be left 1 place during muscular exercise A brachial or femoral artery
may also be used

tndications

Arterial pressure tracings are necessary for accurate measurement
of mean artenal pressure for calculation i corjunction with measure
ment of cardiac output of peripheral vascular resistance In obesity,
a falsely lugh blood pressure may be recorded by the sphygmomano
metric techmque and determination of the mtra arterral pressure
may be necessary to decide whether or not hypertension 1s present
Finally 1 aortic stenosis the rise of pressure to the systolic peak 1s
charactenstically delayed, and an arterral tracing may be helpful m
arniving at a proper diagnosis

A specral application of arterial pressure measurements has been
suggested for the evaluation of dyspnea and 1s based upon measure
ment of the artenal pressure during and after a 10 second Valsalva
maneuver Arterial pressure may be measured directly or by means
of the sphygmomanometer Normally the onset of the Valsalva
maneuver 1s followed by an abrupt rise of blood pressure which then
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puts spirometry within reach of the doctors office and the hospital
ward or chinic

Indications

Spirometry 1s the first step in the physiological evaluation of the
dyspneic patient The majonty of patients with shoriness of breath
due to pulmonary disease have an abnormal sprrogram The test 15
particularly indicated for the diagnosis and evaluation of pulmonary
fibrosis bronchial asthma and pulmonary emphysema Patients with

Fg 27 Typc !l sp ogams fom a omt suby # (A} @ pat nt wih pulmo ry fibeo
) and ap hent wth p Imo ary emphysem {C}

extensive pulmonary fibrosis reveal reduction of the vital capacity
The extent of the fibrosss 1s reflected 1n the degree of reduction of the
vital capacity and the improvement of the vital capacity serves as a
ginde to the efficacy of therapy as with steroids Patients with asthma
and emphysema have decreased rates of airflow from the lungs durmg
a forced expiration This may be evaluated by measurement of the
maumal mud expiratory flow rate (MMF ) or of the timed vital
capacity Severe pulmonary emphysema 1s assoctated with an M M F
consistently below 10 hiter per second even after admimstration of
bronchodilators (Chap 6) In asthma the MMF varnes from day
to day and when reduced 15 greatly improved by the admimstration
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Limitations

Although the procedure 1s harmless 1t must be performed with
care if 1t 18 to provide accurate mformation Interpretation of the re
sults of the measurement must be based upon an understanding of the
many factors that affect the height of the venous pressure (Chap 1)

MAXIMUM BREATHING CAPACITY
Technique

The maximum breathmng capacity (M B C ) 1s best determined by
having the patient breathe as much air as posstble into a bag 15
seconds The volume of the air 1n the bag 1s measured and multiplied
by four to determine the maximum breathing capacity expressed 10
Iiters per minute

Indications and Limitattons

This test 1s primanly of value in screenng patients suspected of
having some form of pulmonary disease If the test 1s normal ventila
tory function 1s probably normal On the other hand if the test 15
abnormal a vartety of factors might be responsible These 1nclude
poor effort on the part of the patient deformity of the bones jomts
or muscles of respiration obstruction to the flow of air through the
arrways or mncreased stiffness of the lungs Thus a normal MBC
may be helpful information whereas a reduced value 15 of Timted
diagnostic aid

SPIROMETRY

Technique

Spirometric study provides a graphic record of the volume of air
that can be expelled from the lung after a maximum spiration (vital
capacity) and of the rate at which that air can be expired It may also
be used to record the rate and depth of ventilation The record 1s ob
tamed by having the patient breathe it and out of a spirometer the
movements of which are translated by means of a pen to a moving
kymograph drum The technique 1s painless easy to perform an?
quickly carried out The recent availability of mexpensive equipment

* Vitalor manufactured by Mckesson Appliance Co Toledo Ohio
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Indications

In patients with bilateral disease particularly tuberculosis bron
chospirometry provides information of value 1n deciding how much
if any surgery may be performed on each lung This type of study 1s
also useful 1n patients with umlateral pleural disease 1n order to docu-
ment restriction of lung function and hence the need for decortica
tion

Limttations

As discussed in Chapter 9 the Iimiting factors 1n resectional lung
surgery are not necessarily assessed by measurement of oxygen con
sumption and veotilation In many cases evaluation of the size of the
pulmonary vascular bed 1s more important than 1s bronchospirometnc
study On the other hand bronchospirometry may be helpful m some
patients For example absence of oxygen uptake on one side mndicates
that the lung may be removed without hazard whereas evenly divided
function 1n a patient with over all impairment of pulmonary function
suggests that resectional surgery should be lmited Thoracoplasty
may be the procedure of choice 1n such a patient

There are many pitfalls in the performance of bronchospirometry
which may lead to maccurate records and to erroneous interpreta
tions The lungs must be properly sep d by the bronchospiro
metnic catheter so that the ventilation of each 1s measured separately
At the same time a major bronchus should not be occluded by insert
g the catheter too far mnto the lung Secretions must be aspirated
so that the arways or catheter do not become occluded Fimally since
ventilation 15 carried out through the relattvely narrow Iumimna of the
bronchospirometric catheter the sum of the vital capacity of the lungs
1s generally less than that measured for the lung as whole However
the degree to which each lung 1s contributing to the total vital capac
1ty may be measured

MECHANICS OF BREATHING
Techmque
Lung pl and airway may be calculated from
of 1 1 and of the volume and rate of
air flow into and out of the Iung Intrapleural pressure 1s reflected 1n
the esophageal pressure which may be measured by having a patient
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of bronchodilators Spirometric evaluation 1s helpful m deciding
which form of therapy 1s most effective mn an individual patient

The vital capacity 15 a useful measure of pulmonary congestion
The degree to which air containing alveol: are replaced by fluid or by
dilated capillanes 1s reflected in the degree of reduction of the witat
capacity Measurement of the vital capacity before and after therapy
15 helpful 1n assessing the effect of treatment

Spirometric studies are of some use m evaluatng patients for
thoracic surgery Severe restrictive or obstructive msufficiency 1s one
contramndication to surgery (Chap 9)

Fmally measurement of the ventilation 1s useful m admunstering
artificial respiration either during anesthesia or to a respirator patient
After estimation of total ventilatory requirements, pressures can be
applied to produce the desrred tidal volume as registered on the
spirometer (Chap 10)

Limitations

y

Spirometric studies provide mformation about only one aspect of
pulmonary function—external ventilation They should not be con
sidered as definitive pulmonary function tests but must be mterpreted
1 the hight of the type of information that they are designed to reveal
They are very widely employed and are simple to perform but are by
no means the final word n the study of pulmonary function

BRONCHOSPIROMETRY

Technique

Designed to measure the oxygen uptake and ventilation of each
lung this technique requires the msertion of a double lumen catheter
mto one major bronchus usually the left A balloon near the tip 15
inflated so that all the air from one lung passes 1 and out of one
lumen of the catheter The remammng ventilation 1s carried out
through the other lumen the orifice of which 15 1 the trachea An
other balloon proximal to ths orifice prevents leakage The procedure
1s performed under topical anesthesia Ventilation from each lung 15
recorded on separate oxygen filled spirometers containing 2 co
absorber such as soda e The record permits calculation of the
oxygen consumption of each lung
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developed n Chapter 1 the lung volume 1s of no functional conse

quence except to prevent vartation of alveolar gas composition during
the respiratory cycle In pulmonary fibrosis the total lung capacity 15
reduced with symmetrical reduction of the various components, so
that the ratio of residual volume to total Jung capacity 1s normal (30
per cent or less) In emphysema the total lung capacity s normal or
mereased but the outstanding abnormality 1s mability to empty the
lungs normally so that the residual volume and functional residual
capacity are greatly mcreased In addition uneven distribution of
wmspired air to the various parts of the lung 1s reflected 1n an abnormal
dilution curve of a foreign gas After breathing oxygen for 7 mnutes

the alveolar mitrogen concentration 1s greatly m excess of the normal
2 per cent because of the delayed washout of mtrogen from poorly
ventilated areas of lung These guides provide indexes to the seventy
of emphysema but the deletersous functional consequences of this
disease are related to airway obstruction pulmonary vascular changes
and to abnormality of arterial blood gas composition Although these
tests provide interesting information they require expensive equip

ment and are not necessary for adequate evaluation of most patients
with cardiopulmonary disease

ARTERIAL BLOOD GASES
Technique

The techmique of arteral puncture has been mentioned above
(Artenal Pressure) Blood gas analysis 1s most accurately performed
by the Van Slyke manometric technique which measures the amount
of oxygen and carbon dioude 1n the blood The oxygen saturation of
the blood 1s calculated by dividing the oxygen content by the oxygen
capacity after subtracting the amount of oxygen dissolved in the
plasma 1 each sample The oxygen capacity 1s obtamed by measuring
the amount of oxygen 1n the blood after the hemoglobm has been
completely saturated by exposure to air for 30 minutes This type of
analysis requires a tramed techmician and equipment which costs ap
proxmmately $500 Duplicate analyses can be carried out m 30
minutes An alternative method for measurement of blood oxygen
saturation 15 the spectrophotometric technique which 1s sufficiently
accurate and relatively easter to learn but which requires equipment
which 1s about four times as expenstve Furthermore this technique
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swallow a small plastic tube Air movement into and out of the lung
may be recorded on a rapidly moving spirometer or on 2 pneumo
tachygraph The latter measures velocity of arflow and tegration of
the record provides measurements of volume

Indications and Limitahions

Lung compliance and airway resitance may be measured with
Iittle difficulty 1n most patients Unfortunately the calculated values
for these parameters of respiratory mechamcs may be maccurate since
the esophageal pressure may not be truly representative of the intra
pleural pressure Stace reduced lung compliance is usually assocrated
with reduction of the vital capacity and since mcreased airway resist
ance 1s generally accompanied by expiratory delay on sprrometry,
chinical estimation of ventilatory function with a sprrometer 1s usually
adequate, and the more refined measurements of ventilatory mechanics
are not often necessary

LUNG VOLUME AND MIXING
Technique

Measurement of total lung volume and n comjunction with spt
rometry of the subdivisions of lung volume, 1s carried out by having 2
patient breathe a foreign gas while expred air 1s collected for sub
sequent analysis Esther oxygen or helium may be used and a con
tinuous record of the expiratory nitrogen or helum concentration
provides an estimate of the efficiency with which gases are mxed 1
the lung Continuous analysis of the mitrogen content of a single
forced expiration after a breath of oxygen also provides an mdex of
lung mixing In normal subjects the oxygen 1s evenly distributed
throughout the lung so that expiration conststs of dead space gas
which 15 the same as the mnspired mixture followed by alveolar gas
of constant composttion Poor mixing of gases in the lung 1s indicated
by exprration of alveolar gas of ncreasing nitrogen concentration as
arr 15 delivered from alveol: that were less and less ventilated by the
single breath of oxygen

indications and Limiahons
Measurement of the subdivistons of the lung volume may be help

ful 1n evaluating pulmonary fibrosts and emphysema although as
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not usually associated with carbon dioxide retention Hypoxenua due
to impaired diffusion 15 a grave prognostic sign

Two other situations which require arterial blood gas analysis for
proper evaluation are polycythemia and cyanosis (Chap 11) Meas
urement of the artenal oxygen saturation 1s necessary in order to
distinguish between pnimary and secondary polycythema Although
mild hypoxemia may be present in polycythemia vera, an artersal
oxygen saturation of less than 90 per cent suggests the presence
of underlymg cardiopulmonary disease Conversely if the artemal
oxygen saturation 1s over 95 per cent pnmary polycythemia s prob
ably present Since cyanosis 1s an unrehable wndex of hypoxemia
adequate evaluation of the cyanotic patient requires arteral blood gas
analysis

{mitotions

Arterial blood gas analysis 15 useful mn the evaluation of pulmonary
msufficiency On the other hand moderate derangement of pulmonary
function need not be associated with any abnormality of arternal
blood gas composition In particular, a relatively large (20 per cent)
nght to left shunt must be present before hypoxemta 1s present and so
exclusion of a small shunt requires a more sensitive techmque such as
2 dye dilution curve (Chap 2) Also severe smpawment of diffusion
must be present before the arterial oxygen saturaton falls As a result
adequate evaluation of pulmonary fibrosis requires measurement of
the diffusing capacity of the lung (Chap 7)

DIFFUSING CAPACITY

Techmque
The diffusing capacity of the Jung for oxygen may be measured
directly or from of the diffs p for carbon

monoxide The former requires an artenial puncture but the latter
does not Both techniques are inocuous but require a good deal of
technical analysis or special instrumentation They are both based
upon the fact that the diffusing capacity 1s equal to the gas uptake
divided by the difference between the partial pressure of the gas i
the alveoli and that in the mean capillary blood Gas uptake s
measured easily whereas alveolar gas tension 15 difficult to measure
m pdividuals with poor mixing of gases 1 the lung and thus m
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does not provide measurement of the CO: content of the blood The
artental Peo, can be measured directly by the ‘bubble equilibration
technique, which 1s relatively 1nexpensive, but which 15 extremely
difficult from the technical standpomnt A number of manufacturers
are developing equipment for direct esttmation of blood Pe which
promises to be relatively simple of operation but which will probably
be extremely expensive At the present time artersal blood gas
measurements are probably best performed by Van Slyke manometric
analysts for O; and CO. content and by direct measurement of the pH
The oxygen saturation and Peo, may then be calculated from these
data Campbell and Howell have recently reported a rebreathing tech
mque for measuring the arterial Poo, which promises to be of great
chmeal value since 1t can be performed at the bedside and does not
require an arterial puncture

Indications

Like spirometry arterial blood gas amalysis 15 essential for the
proper evaluation of patients with pulmonary msufficiency The
measurement should be avarlable to the practicing physician and the
cost of the laboratory analyses 1s not beyond the reach of most
hospttals With a ittle trammg the physician can leam to collect an
arr free sample of artenal blood so that 1f laboratory facilities are
available he can perform thus test on his Ppatients

Measurement of the arterial oxygen saturation and the Peo, 15
helpful i determming the type and seventy of pulmonary mnsuf
ficiency (Chap 11) This, 1 turn has diagnostic prognostic and
therapeutic significance  Ventilatory msufficiency 1s characterized by
relatively more carbon dioxide retention than hypoxemia Precise
regulation of artificial ventilation 1s dependent upon periodic measure
ment of the arterial Peo Rught to left shunts in the heart or lung
are characterized by hypoxemia ncompletely relieved by breathing
oxygen The seventy of the shunt 1s reflected in the degree of
hypoxemia Relative impairment of distnibution of blood and gas
mn the lungs as occurs m emphysema leads to elevation of the
arterial Pco and reduction of the arterial oxygen saturation The latter
1s relieved by oxygen breathing The seventy of the process 1s reflected
m the degree of abnormality of arterial blood gas composition
Finally severe impairment of diffusion 1s characterized by hypoxemia
which 15 exaggerated by exercise overcome by oxygen breathing and
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on a treadmill at various rates and grades or pedalling a stationary
bicycle Measurements include pulse rate, arterial blood gas compost
tion, cardiac output pressures within the circulatory system and
thorax oxygen uptake and diffusing capacity

Indications

Study of a patient during exercise may be necessary 1n order to
demonstrate a cardiopulmonary abnormality not detectable at rest
Only during periods of increased pulmonary blood flow may pul
monary hypertension be present m many forms of cardiopulmonary
disease 1n mild disorders of cardiac function the cardiac output may
be normal at rest but may fail to nse normally during exercise,
hypoxemia due to a diffusion limitation may only be present during
exertion

Measurement of the maxmum work that a person can perform 15
2 useful index of over all cardiopulmonary function In addition
observation and study of the patient during the maximum work of
which he 15 capable lends msight nto the nature of his hmitation Leg
fatigue rather than dyspnea may turn out to be the imiting symptom
Dyspnea may be associated with normal artenal blood gas com
positton 1 which case cardiac function rather than impaired pul
monary function 15 probably the hmiting factor Finally the specific
measurements discussed previously may help to pmpomnt the nature
and extent of the functional abnormality which limuts the patients
ability to do work

Exercise tests may prove useful m work evaluation Knowledge
of the amount of oxygen that 1s consumed during the performance of
various jobs permits tramslation to mdustry of nformation denved
m the laboratory If the patients maximum oxygen uptake has been

d it b ble to decrde what jobs are within his
capabilities Further work 1s needed before objective measurements
may be used as reliable guides for work and disability evaluation and
1t 1s likely that these gurdes will be different i vanous diseases For
example the level of ventilation or intrapleural pressure swing may
be the Linmting factor for a patient with emphysema whereas cardiac
output or possibly pulse rate may be the important gurdes to the
amount of work that a patient with heart disease can perform with
safety
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homogeneous alveolar gas composition In such ndviduals a mean
alveolar gas value 1s generally calculated from the arterial blood
carbon droxide tension

Indications

Pulmonary fibrosis mn patients who have little or no reduction of
vital capacity may be assessed by measurement of the diffusing
capacity (Chap 7) This measurement provides dragnostic mforma
tion, and although a clue to the diagnosis may be present in the
spirographic finding of hyperventilation, definitive diagnosis depends
upon this measurement The need for and effects of treatment also
may be evaluated by this measurement

Since the diffusing capacity 1s also a measurement of the size of
the pulmonary alveolar capillary surface area available for gas ex
change severe reduction of this function 1s probably a contramndica
tion to resectional lung surgery (Chap 9) In addition the degree to
which mitral stenosts has produced rrreversible pulmonary fibrosss
may be reflected 1n this measurement (Chap 3) Fually the level
of the diffusing capacity provides a diagnostic separation between
asthma and emphysema (Chap 6)

Limitations

A great many factors affect the diffusing capacity of the lung and
may affect the oxygen and carbon monoxide methods differently
There are also many technical problems n obtaming an accurate
measurement of the diffusing capacity Nevertheless the test has
proved to be a valuable chinscal tool m the situations mentroned
above and as the factors mvolved n the measurments become clearer
and as they become susceptible to separate analysts by refined tech
mques the study of diffuston may attamn even more value

EXERCISE TESTS

Technique

A physician utilizes an exercise test every time he asks 2 patient
to describe the situations 1 which he experiences shortness of breath
the length of time it takes to develop the severity of the work
mvolved and the seventy of the symptom In the jaboratory exer-
cise tests may wvolve stepping up and down on a platform walking
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Limitations

Exercise tests must be performed under the careful supervision
of a physician and should be carried out after the subject has become
accustomed to the apparatus and to the particular type of exercise
anvolved This 1s not a problem 1n the case of treadmill exercise, but
an untrained subject may have difficulty performmg a supme pedal
type exercise if he has never done 1t before Many measurements
particularly that of cardiac output by the Fick principle require that
the oxygen uptake and cardiac output be stable over the period of
time during which samples are collected This requures that the i
tensity of exercise be kept constant during the test and this 1s often
dufficult for weak or dyspnerc patients Finally, 1t 15 important not to
push the patient beyond the capacity of lus cardiopulmonary system,
particularly an individual with ischemic heart disease and potential
myocardral 1schema

An important hmitation concerns the application of results obtamed
during relatively acute exercise 1n the laboratory to the performance
of work during ones daily life Satisfactory performance of 2 5
minute exercise test does not necessarily mean that a patient can
carry out the same level of work for a longer period of time, and
much more information 15 needed before one can translate the
results of such rather short exercise tests to the performance of
daily tasks and occupations The problem of prolonged exertion—
the factors limiting ones capacity to perform sustamned work—re
quures a great deal more study
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determination of the diffusion capacity of the lungs Companson of methods
n normal subjects and patients with alveol pilary  block d
Am 1 Med 22 51 1957

Ruey R L Sueparo R H Coun J E CarrotL D G and ARMSTRONG
B W Maximal diffusing capacity of the lungs 1n normal male subjects of
different ages J Appl Phystol 6 588 1954

EXERCISE TESTS

BARRATT Boves B G and Woop E H Hemodynamic response of healthy
subjects to exercise mn the supine posiion while breathing Q. J Appl
Physiol 11 129 1957

Bruce R A Evaluation of functional capacity and exercise tolerance of
cardiac patients 1 Functional capacity Mod Concepts Cardiorvas Dis
25321 1956

HoLmcren A Circulatory changes duning muscular work i man Scandinav
J Chn & Lab Imvest & suppl 24 1 1856

Mirciert J H Sproure B T and CuapmMan C B The physiological
meamng of the maximal oxygen intake test J Chn Invest 37 538 1958

WynpHam C H and WARD J S An assessment of the exercise capactty of
carchac patients Circulation 16 384 1957
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LUNG VOLUMES AND MIXING

BatEMaN J B Studies of lung capacities and mtrapulmonary mrxing normal
lung capacittes J Appl Physiol 3 133 1950

BaTEMaN T B Studies of lung volume and intrapulmonary mixing Nitrogen
clearance curves apparent respiratory dead space and 1its significance J
Appl Physiol 3 143 1950

BepelL G N Marsuar R DuBoils A B and Comror J H Ir
Plethysmographic deterrmnation of the volume of gas trapped 1n the lungs
J Chn Invest 35664 1956

Brair E and Hickam J B Q study of I y gas mrt
g in emphysema Am J Med 18 519 1955

Curtis J K EMANUEL D and Rasmussen H K Improved apparatus for
determuning the functional residual capacity of the lung by the open curcuit
method Am J Med 18531 1955

DeJours P and RauN H Residual volume measurements by the gas expan
ston method and mitrogen dilution method J Appl! Physiol 58 1953

Fowler W S Lung function studies Il Uneven pulmonary ventilation 1o
normal subjects and 1n patients with pulmonary disease J Appl Physwol
2283 1949

FowLerR W S Intrapulmonary distribution of wspired gas Physiol Rev 321
1952

LueTr U C RoorsacH E H and MacQuicc R E Pulmonary mirogen
clearance 2s a critenon of ventilatory efficiency 4m Rev Tuberc & Pulmo
nary Diseases 72 465 1955

Neepnav C D Rocan M € and McDonalp 1 Normal standards for lung
volumes intrapulmonary gas mwung and maxumum breatfung capacity
Thorax 9313 1954

Wesr J B Fowrer h T HucuJones P and ODownetr T V The

of the quality of 1| and of perfusion i the lung

by the analysis of single expirates Chin Sc 16 549 1957

ARTERIAL BLOOD GASES

Campeerr E JM  and Howelr J B I Simple rapid methods of esti
mating artenal and mixed venous Peo, Brit Af J 1458 1960

Dovap K W RENzETTI A Riey R L and Cournanp A Analysis of
factors affecting concentrations of oxygen and carbon diowide 1 gas and
blood of lungs Results J Appl Physiol 4497 1952

Lunpscasrp C and VAN SLYRE D D Cyanosis Medicine 2 1 1923

witums M H Jr Q 1 hips between hyp and dis
order of pulmonary function Yale J Biol & Med 30 306 1958

DIFFUSING CAPACITY X
it T capacity i the
Bates D V The of the v d
presence of lung disease J Clin Invest 37 591 1958
Fuiey G F MacIntosH D J and Wricnt G W Carbon monotude up




INDEX

Acquired heart disease 75-99
anemia
aortic valve disease 86-89
arteriovenous fistula 97
asthenia vasoregulatory 98
hyperkinetic states 96-99
hypertensive disease 94
1schemic disease 90-94
of mutral valve 75-85
penicarditis constrictive 95
pulmonary vascular bed m 137
thyrotoucosis 96
tricuspid valve disease 89-90
Adenopathy hdar 119
Auways diseases of 102-114
asthma bronchual 102-105
bronchiectasts 113-114
emphysema, chronic
105-113
obstruction of 35
patency of 16
resistance measurement of 213
Alveolar-capillary membrane 19
diffusion across i exercise 191
Alveolt fibrosis of walls 117
1 sarcordosis 121
gas composmon m 1
17

obstructive

17 22 170~

ventilation of 13 17-18
m emphysema, 107 111
m exercise 190
msufficiency of 127-128
Anemsa 96
hypoxemia 18 176
Angma pectorss 9!
Angmcardxograpby 207-208
Anxiety hemodynamucs m 99
Aorta, coarctation of 54
pressure 1, 4

Aorta (Continued)
transposiion of 57
Aottic valve acquired disease of 86-89
sufficiency of 30 86
stenosis of 28 87-89
commussarotomy i 88
congemtal 45
Artenial blood gas ana]ysls 215-217
Arterioles coronary
pulmonary 28
resistance of increased 29
szeof 4 6
Artertovencus fistula 34 97
pulmonary 142
Artificral resptration  162-165
Asthema vasoregulatory 98
Asthma bronchial 102-105
dyspnea 187
Atelectasis  158-160
Atresta_tricuspid  55-57
Atria, fibnillation i mutral stenosis 84
pressure 7
and stroke work, 62
septal defect, 4649
pressure gradient in 26 45
Atrioventriculans commums 48

Bellows action of chest, 16

Beriber: 97

Blalock operatron 1n tetralogy of Fallot,
53

Blood flow 3-7
coronary madequacy of 90-91
work loads affecting 6567
pulmonary 132
m shunts 38 40
systemuc 1 exercise 191
vasomotor regulation of 5
Blood gas analysis 215-217

227






Index

Dyspnea {(Conttnued)
hyperventilation 184
See also Hyperventifation
bypovia of respratory muscles 184
See also Hypoua
wtrathoracic pressure increase 183
pathophysiology of 183 185
1 pulmonary disease 186-188

Ebstem s anomaty 55
Edema, 1n arteriovenous fistula 97
and heart failure 70
pulmonary 78 156-158
Electrophrenic respiration 165
Embolism pulmonary 138-140
dyspnea 1n 187
Emphysema bullous 123-124
carcitoma with pulmonary 125
chronie obstructive 105-113
dyspnea in 187
pulmonary artery pressure w136
pulmonary vascular bed m, 136
tuberculosis with 122
Exercise 190-199
alveolar ventilation 1 190
beneficial effects of 198
cardiac adaptations m 192-194 196
diffusion 1m, 191
excesstye work loads affecting heart
66

faulty adaptations to 196-197
heart rate during 69 193
oxygen consumption m 194-196
physiological requirements 1n 190-
196
pulmonary adaptanons i 190-192
196
stroke volume 1n 193
tests during 218-220
work evaluation 197
Expiratory reserve volume 15

Fallots tetralogy 51-53

Fatigue 1 heart failure 71

Fetal pulmonary vasculature 50

Fibnllaion atnial in mutral stenosis 84

Fibrosis pulmonary 117-119
carcioma with pulmonary 125
dyspnea 1, 186
pleural disease with 126
pulmonary vascular bed 1n 137
tuberculosis with 122

Fick principle 10-11 205

Fistula arteriovenous 35 97
pulmonary 142

Foramen ovale patent, 43

Functional residual capacity 15

229

Gas absorption from atr pocket 160

composition alveolar

exchange 1 13
alation technique 1n shunts 34
205

Hamman Rich syndrome 117 121
Heart, cardiac cycle of 7-10

cardac output, 10-13
1n arteriovenous fistula 97
1 hyperkinetic states 96-99
measurement of 205-206
1n mutral stenosis 77
and pulmonary artery pressure
132 135
diseases of acquired 75-99
congenatal 38-57
dyspoea with 183 185
m exercise 192194 196
failure of 61-73
left 83
myocardal disease with 67
myocardsal function, 6163
night, n emphysema, 109-111
1n pulmonary embolism 138
mn resection of lung tissue 148
symptoms of 70-72
treatment of 72-73
types of 63-69
ventricular inflow obstruction with
67

ventricular
with 63-65
Tate of 11
1 exercise 69 193

outflow  obstruction

Hemoglobin decreased effects of 176

oxygen-dissociation curve of 22 158
1 exercise 194
oxygen saturation of 2

Hilar adenopathy 119
Hufnagel valve 1 aortic wsufficiency
87

Hyperkmettc states 96—99
Hypertenston 29 9:

1n coarctation of aorla., 54
pulmonary 29
10 atnial septal defect 46-48
capillary 1n mutral stenosis 76
from chronic pulmonary vascular
disease  140-141
1n congenztal heart disease 39
dyspnea 1o 187
1n embolism pulmonary 138
m emphysema 1
1m fibrosis pulmonary 119
areversible 51
1n mitral stenosis 80



228

Blood oxygen saturation 22 32 53
Blood pressure 3-7
Blood vessels compliance of 3

See also Arternies Vems
Blood volume 3-7

reduced and heart falure 63
Breathing See Respiration
Emnchll collateral crrculation to 142~

3

disease of 102
obstruction of 158
Bronchial asthma 102-105
Bronchiectasts 113-114
bronchial collateral circulation in 143
Bronchwolar disease  and emphysema
106

Bronchogenic carcinoma 125
Bronchasprrometry 150-152 212-213
Bullous emphysema 123-124

Capillaries pressure m 4 29
pulmonary 22
10 mutral stenosis 76
pressure 1 29
1 sarcordosis 121
Carbon dioxide diffusion of 19-20
iz expired gas 23
measurement of in blood 215-217
and oxygen exchange 1
retention of 1 emphysema 107 108
Carbon monoxide potsoning 176
Carcinoma bronchogenic 125
Cardac condittons See Heart
Cardiopulmonary function tests  201-
220
Catheterization of heart 27-28
left heart 204-205
night heart 201-204
Chest wall diseases 117-128
Circulation impaired effects of 176
pulmonary 132-136
m disease 132-136
1o Tesection of lung tissue 147
Circulation time 206-207
Cirthosis of liver pulmonary arterio
venous fistula with 142
Clubbing 1n  bronchogenmie  carcmoma
125

Coarctation of aorta 54
Collateral circufation  bronchial 142~
143

stimulation of 91
Collateral ventilation in atelectasis 159
Commussurotomy  20rtic

mitral 80-84
Compliance of blood vessels 3 6

of lungs 17 36

Index

Comphliance of lungs (Continued)
measurement of 213
Congemtal heart disease 38-57
aortic valve stenosts 45
atrial septal defect 46-49
atnioventricularis communis 48
coarctatton of aorta 54
ductus artertosus patent 53-54
Ebstern s anomaly 5.
pulmonary vascular bed 1 137
pulmonary venous return anomalous
48

pulmonic stenosis 42-45
shunts 32-35
See also Shunts

tetralogy of Fallot 51-53

tricuspid atresta 55-57

ventricular septal defect 49-51
Cor pulmonale 111
Coronary blood flow

90-91

work loads affecting 65-67
Cuff pressure measurements 10
Cyanosis 177-178

1n tetralogy of Fallot 52

1n tricuspid atresia 55
Cysts pulmonary 124

nadequacy of

Dead space venttlation 18 23

Decortication 1n pleural disease 126

Diastolic pressure 9 10

Diffusing capacity of lungs 19-20 217-
218

m asthma 103

in bullous emphysema 124

in emphysema 107-108

m mutral stenosts 79

m pulmonary fibrosis 117-118

and surgery 147-149
Diffusion of oxygen 19-20

m fibrosis pulmonary 117

npaired and hypoxemia 172-173

ncreased n exerclse 191

measurement of 217-218

1n pulmonary edema 158

1 pulotonary embolesm 132

and resection of lung tissue 147
Digitalis 1n heart falure 72
Distention of remammng lung after re

section 152

Ductus arteriosus patent 53-54
Dye dilution studies 205

in shunts 30 33 34

m valvular imsufficiency 30
Dyspnca 182-189

diagnosis of causes of 185-188

m heart disease 183 185



Index
Tusgs pulmonary vascuiar disease (Con

tnue
chronse  hyperiension  from 140~
14t
dyspnea 1n 187~188
pulmonary vascular resistance 132
5 congental heart disease 39
measurement of 128
u mural steaosis 80
polmonary vewns  anomalous return
of 48

pressure in 4
sesection of ussue 147153
respuratory cenfer 18
lestons of 128
restrctive disease dyspnea o, 186-187
sarcordosss 119122
stffness 17 36
wherculosis 172-1™3
volumes 1516
measnrement of 214-215

Manometry Van Slyke 215
Marsmum breathong copaeny 240
Mutral valve iosufficiency of 30 §2
acquired 85
stenosis 27
acquired 7684
comnussurotomy tn 80-84
Myocardiom fonction of 6163
tests of 69-70
beart faure with diseases of 67
wfarction 92-93
weheric disease 90
reduction of work 73

231

Oxygen (Continued)
~dissociation turve of hemogiobin 22
158

n exercise 194
hypotcmua See Hypoterma
hypoua See Hypoxia
measyrement of 1n blood 215-217
sawration of blood 22
s feft 1o rght shunts 32
1 tetralogy of Fallot 53
tension  alveotar 17 22 107 17G-
17
therapy m embolsm  pulmonary
140

m myocardial mfarction 93
and tebercle bacillus growth 123
uptake of 10-13

Pagers disease 97
Parenchyma of fung diseases of 117-
128

loss of 1 emphysema 107
Patency of airways 16
Patent ductus arteriosus $3-54
Patent foramen ovale 43
Perfusion ventilation rauos 21
Perrcardstis constuchive 95
Peripheral resistance 4 9
ncreased
Phrenie nerve stimulation and respira
tan
Pichwickian syndrome 127
Pletral dysease 126
Prenmonectomy effects of 135
¥

Narrowtng of circutatory systemt 25-29
Newrocwenlatory asthema
Mitrogen washout cusves 22
n bullous emphysema_ 123
Normal physiology 1-23

Obestty alveolar veaulation i, 127
Obstraction of awways 35
i emphysema 105 107

of bronchus 158

1o cwrcudation 25-29

1o veatricutar inflow 67

1o ventnicular outflow 63-65
Osmotic pressure of blood 156
Osteoarthropathy pulmonary 125
Oxygen and carbon diokide exchange

113

consumptian of 6 exercse 194-1a5
debt, m exercise 197 19§
diffusson of 19-70

See also Diffosion

F 2=
113

Preumothorax 160162

Possonmg carbon mopoude 176

Porsseulle € law §

Polycytherna 178-180

x right todeft shunts 41

Posmtive pressure breathing 163

Potts operation n tetralogy of Fallot
33

Pressure aoric 4 &
arteral 3 5 208-209
measurement of 10
tracings of 208-209
ateal 7
and stroke nork 62
treathmg 162~165
capillary 4 29
gradients 25-79
n atrnal septal defects 26 43
n mural stenosts 77
satrathoracic 1o dyspnea 183
osmotie 156
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Hypertension pulmonary {Conftinued)
1n patent ductus arteriosus 54
pulmonary vascular bed i 136
1n resection of lung tissue 149
reversible 51
and vasoconstriction 134
1 ventricular septal defect 49 51

Hypertrophy of heart 65

1 aortic msufficiency 86

Hyperventilation 17

and dyspnea 184
1 fibrosis pulmonary 117
Hypoventilation 17 22
alveolar 127-128 170-172
i emphysema 111
Hypoxemia 19 22 34 169-177
i chronic pulmonary hypertension
141
due to diffuston impairment 172173
1 emphysema
m mtral stenosis 80
polycythemta with 178
1 pulmonary edema 158
1n pulmonary embolism 139
m  pulmonary arteriovenous fistula
142

1n resection of lung tissue 148

m shunts right to-left 173-175

1 uneven ventatron and perfusion
175-176

Hypoxia 168-169

n mitral stenosis 80

of respiratory muscles 184

n right to left shunts 41

stagnant 176

vasoconstriction from 136

Infarction myocardial 92-93
Infundibular pulmonic stenosis 27 43
51

Inspiration 16
distribution of arr 22-23
and pulmonary circulation 135
Inspiratory capacity 15
Inspiratory positive pressure breathing
163

Insuffictency alveolar venttlatory
128

valvolar 29-32
aortic 86
mitral 82 85
tricuspid 90
Tschemic heart disease 90-94
chromc  93-94
coronary circtlation 90-92
myocardsal infarction 92-93
Isotope dilution studies 34 205

127~

Index

hudneys salt and water retention by
7
Korotkow sounds 10

Ligation of pulmonary artery bronchial
collateral circulation after 142
Lungs awways of diseases of 102-114
See also Auways
alveolar ventilatory msufficiency [27-
128

See also Alveolt
arteriolar resistance 28
artersovenous fistulas 35 142
artificial resprration 162-165
atelectasis 158160
capillary hypertension
nosts
circulation  132-136
1n disease 136-141
after resection of Jung tissue 147
compliance 17 36
measurement of 213
cysts of 124
dyspnea n disease 186-188
See also Dyspnea
edema 78 156-158
embolism  138-140
dyspoea in 187
emphysema See Emphysema
in exercese 190-192 196
fibrosis 117119
See also Fibrosts pulmonary
function 13-23
disorders of 156-165
hypertension 29
See also Hypertension pulmonary
hypoua 136 168-169
See also Hypoxta
neoplasms of 125
obstructive disease of dyspnea in 187
osteoarthropathy 125
parenchyma diseases of 117-128
loss of m emphysema 107
pleural disease 126
pneumothorax 160-162
pulmonary artery ligation of bron
chial collateral circulation after
142

n mitral ste

pressure 1n 4 6 29 132 135
transposition of 57
pulmoenary vascular bed

of effect of 135-136
pulmonary vascular changes 1 matral
stenosis 79
pulmonary vascular disease 132-143
bronchial coltateral ctreulation
142-143

reduction
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Test (Continued)
catheterization left heart 204-205
right heart, 201-204
circulation time  206-207
diffustng capacity 217-218
exercise tests 218220
lung volume 214-215
maximum breathing capacity 210
mechancs of breathing 213-214
myocardial function 69-70
spirometry 36 150-152 210-212
venous pressure 6 209
Thoracic surgery 147-154
Thoracoplasty 153
Thyrotoxicosts 96
Tidal volume 16
Total lung capacity 15
‘Transposstion of great vessels 57
Tricuspid valve disease 8§9-90
atresia 55-57
Ebstens anomaly 55
msufficiency 30 90
stenosts 26 89
Tuberculosis pulmonary 122-123
Tumors pulmonary 125

Valsalva maneuver 186 208
m atrial septal defect 47
Valvular disease msufficiency 29-32
See also Insufficiency
stenosis 26-28
See also Stenosis
Valvulotomy aortic 88
mutral 80-84
Van Slyke magometric technique 215
Vascular disease pulmonary 132-143
See also Lungs
Vasoconstriction  2nd hypertension  pul
monary 134
from hypoxiz 136
pulmonary m outral stenosis 79
with ventricular defects 51
Vasomotor regulation of blood flow §
and pulmonary vascular resistance

134
Vasoregulatory asthema 98

233

Vews congestion 1n arteniovenous fis
tula
distention of 1 heart failure 71
pressure . 4
measurements of 209
pulmonary znomalous return of 48
pressure m 4
Ventilation 13-15
alveolar 17-18
1n emphysema 107 111
1 exercise 150
msuffictency 127-128
collateral i atelectasis 159
of dead space 18 23
1mn fibrosts polmopary 118

hype e Hyper
hypoventilation See Hypoventilation

measurement of 213-214

perfuston ratios 21

1 resection of lung tissue 149

1 respicator therapy 162-164

uneven hypotemia in 175-176
Ventricles 1

atrioventriculans commums 48

blood flow 1n shunts 38 40

contraction of 4 7

ejection penods 9

filtin, periods of 4 9

functron curves 62

inflow obstruction and heart falure

67
left ventricular falure 83
outflow obstruction and heart failure

63-65
right heart farlure 1 emphysema
109-111

n pulmonary embolism 138
m resectron of lung tissue 148
septal defect 49-51
pressure gradeent in 26
pulmonic stenosis with 51-53
Vital capacity 15
m fibrosis pulmonary 118

Wedge pressure 28
Work loads See Exercise
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Pressure (Continued)
m pulmonary artery 6 29 132
See also Hypertension pulmonary
pulmonary capillary 29
pulses 7-10
systemie 6
venous 4 6 209
ventricular 7
wedge 28
Prosthesss plastic 1n aortic msufficiency
87

Pulmonary conditions See Lungs
Pulmonic valve insufficiency of 30
stenosis of 26 4245
infundibular 27 43
ventzncu]ar septal defect with 51-
5.

Pulse pressure 7-10

Index

Septal defect (Conninued)
ventricular 49-51
pressure gradient 11 26
pulmonic stenosis with 51-53
Shunts 32-35
left to right 32-34 38-39
1n atrial septal defect 46-49
1n ventricular septal defect 49
right to left 34-35 4
1n atrial septal defect 47
hypoxermia in 173175
1 tetralogy of Fallot 52
Spectrophotometry 215
Sprrometry 36 150-152 210-212
Starhng s law 11-13 62 86 156
Stenosis aortic valve 28
acquired 87-89
congemtal 45
mitral 27 76-84
m §0-84

Regurgitation m aortic y 86
Resection of lung tissue 147-153
bronchosprrometry 1n 150-152
circulatory function after 147-149
diffusing capacity after 147-149
overdistention  of remamng
after 152-153
ventilatory tests 1 149-152
Residual volume 15
anereased 1n emphysema 108

Tung,

of

213
astenolar 1ncreased 29
peripheral 4 9 29
pulmonary vascular 28 132
See also Hypertension pulmonary
Respiration  16-17
artificial 162-165
breathiog exercises i emphysema
13
matumom breathing capacity 210
mechanics of breathing 213-214
and pulmonary circulation 135
Respirators use of 162-165
Resprratory center 18
primary depression of 128
Rheumatic fever and aortic
ficiency 86
and mutral valve disease 75
2nd tricusprd stenosis 89
Rocking bed use of 165

msuf

Salt and water retention by kidneys
97

Sarcodosis  119-122
and pulmonary fibrosis 118
Septal defect atnal 4649
pressure gradieng n 26 45

pulmonic valve 26
congemital 42-45
mfundibular 27 43 51
ventnicular septal defect with Si-
53

tricuspid 26
acquired 89
Stroke volume 11-13
and atrral pressure 62
m exercise 193
Structure of cardiorespiratory  system
25-36

Surgery 147-154
n gortse coarctation 54
1n aortie stenosis 45
mn Ebsten s anomaly 55
n emphvsema 113 124
1 pleural disease 126
m pulmonary neoplasms 125
1m pulmonic stenosts 43
phystologrcal indications for 153-154
resection of lung tissue 147-153
1n tetralogy of Fallot 52
thoracoplasty 153
1n ventrieular septal defect 50
Syphilis and aortic wmsufhiciency 86
Systolic pressure 9 10

Tachypnea, n embolism pulmonary
139

‘Tauss:g Bing syndrome 57

Tests angiocardiography 207-203
arterial blood gases 215-217
arterial pressure 208-209
bronchospirometry 212-213
cardiac output 205-206
cardiopulmonary function 201-220












