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Introduction

‘THIS MONOGRAPR was written for students of medicine, at school
or in practice. Its purpose is to relate both the manifestations and
the tr of acute pul y edema to what is known about
certain physiologic phenomena.

A great deal has been learned sbout the physiology of chronic
cardiac decompensation—chiefly from studies on patients with that
syndrome. This has not been possible in the case of pulmonary edema;
hence observations on animals predominate in this field. However,
most physicians do not keep abreast of the literature of animal ex-
perimentation; either they barely glance at such papers or else they
do not read widely enough to synthesize the many small points
elucidated in them. Physiologic data have therefore been emphasized
here more than is customary in clinienl treatises.

The clinical portions of this work contain no bibliographic refer-
ences; clinical writers who have had adequate clinical experience
should not bave to “lard their lean books with the fat of others’
works,” to *“skim the cream of other men’s wits, pick the choice
flowers of their tilled gardens to set out {their] own sterile plots,” as
Robert Burton put it. On the other hand, the authorship of the
physiologic data used here 15 of course indicated; the bibliography
therefore consists largely of references to experiments in animals.

It 15 not always easy to relate clinical phenomena to physiologic
observations, some connections are evident and others are obscure.
Speculation naturally arises 1n the latter event, and it flourishes
when data are lacking. A curious situation obtains in the field of acute
pulmonary edema: The prevailing clinical theory of its origin is still
expressed in preciscly tbe terms used when the contept was intro-
duced, a hundred yeats ago. Most clinical speculations on physiologic
data relating to the syndrome apparently aim to explain the physiol-
ogy in terms of the current theory rather than to develop the theory
on the basis of the physiology. Until recently, physiologic data on
this subject were 80 scanty that established clinical concepts could
not be adequately evaluated; nothing valid could be gaid either for
or against them. In the past few years, bowever, enough data have
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INTRODUCTION x

been published to provide a basis for criticism of current ideas. Never-
theless, knowledge is still insufficient to provide any simple alterna-
tive. No theory that fails to explsin all physiologic findings is valid;
no valid theory of the origin of pulmonary edema can be formulated
at present.

This book will present available knowledge in the form of a logi-
cally coherent system of ideas that are consistent with what is ob-
servable As William James said, “A large scquaintance with par-
ticulars often makes us wiser than the possession of abstract formulas,
however deep.” In the present work some tentative explanations are
offered (but not insisted on) where definite conclusions eannot be
reached.

Writers of clinical treatises have often becn accused of “serving a
warmed over dish.” This book, even though it contains no new infor-
mation, aims to present new points of view concerning established
coneepts.

The invaluable editorial assistance of Miss Evelyn Russ is grate-
fully acknowledged.

M.D. A.
Athens, Vermont
September 1953



BY THE BED-SIDE, HOW MANY FALSE DIAGNOSTICS HAVE I NOT
WITNESSED . . . WHAT IS THE SOURCE OF SUCH MISTARES? I
REPEAT IT, IT I8 THE DEFICIENCY OF CORRECT PHYSIOLOGY.
J. N. Corvisart: An Essay on the Organic

Diseases and Lesions of the Heart and Great Vessels,



L. Clinical Manifestations

THE EARLIEST DESCRIPTIONS of pulmonary edema—particularly in
relation to heart disease--are to be found in the writings of Conti-
nental clinicians of the mid-eighteenth century. In the early nine-
teenth century, after the Napoleonic wars, clinical and pathological
knowledge of cardiac and pulmonary diseases broadened consider-
ably, acute pulmonary edema was subsequently recognized as a
separate syndrome by Laennec, Corvisart, Testa, Kreysing, Burns,
Stokes, Hope, and other great physicians of the period The disorder
has held the interest of chnicians ever since then, because of its
dramatic manifestations and 1ts frequent refractoriness to treatment.

The elinical if ions of acute pul ry edema vary mark-
edly. The severity of the condition ranges from the barely detectable
to the fatal, in some patients changes in one direction or another may
oceur very quickly. The mild or early manifestations may be over-
looked or misinterpreted, because the signs of interstitial edema of
the lungy are less striking than those of intra-alveolser edema In
addition, the signs and symptoms of the syndrome may be greatly
modified or even overshadowed by those of the disease that caused
the pulmonary edema Because attacks commonly occur at might,
some authors prefer the term “paroxysmal nocturnal dyspnea” to
others. Strictly speaking, this 15 a misnomer, since 1n some patients
the attacks occur in relation to sleep rather than to time of day.

For the purpose of discussion it 13 useful to make arbitrary tem-
poral subdivisions of an attack, as follows: (1) onset, (2) interstitial
phase; (3) mtra-alveolar phase, (4} shock, and (5) terminal phase.

1. Onset

The very beginning of an attack of pulmonsry edema is usually
not detected or 1s recognized only in retrospect. One reason for this
is that many attacks occur late at night, but a more important reason
is that the earliest symptoms and signs are nonspecific.

1



2 ACUTE PULMONARY EDEMA

When an attack is developing, the patient may have no pre-
monitory sensations; on the other hand, he may first notice 5 feeling
of marked anxlety several mmubes (oceasionally, several hours) be-
fore dyspnea develops. The ian may ti misinterpret
this anxjety as the cause rather than as the earliest symptom of the
attack, Physical examination at such times reveals pallor, an anxious
look, and intreases in pulse rate and arterial pressure above the
patient’s normal range; the ekin is usually cold and slightly sweaty.
The hypertension may be misinterpreted as evidence of a hyper-
tensive crisis that might have caused the attack. Tt is evident that
these signs and symptoms are not specific for pulmonary edema; they
can be established as part of the syndrome only if roentgenographic
studies show typical areas of haziness close to the hilar regions of
the lungs,

In some patients, i ia is the only symp of mild attacks
of pulmonary edems. Strictly speaking, this specific laint should
not be called insomnia, since the patients who have it fall asleep
normally but are awakened several hours later by feelings of anxiety
or by terrifying dreams. The reason for believing that these symptoms
do indeed represent mild attacksis that weeks or months later typical
attacks of the syndrome begin to occur at the same time of night.

There are very few clinical studies of acute pulmonary edema in
this early stage. In some instances the attack does mot progress,
and the symptoms subside. However, in most cases the syndrome
probably develops further; in some instances the patient’s feeling of
impending disaster is fully justified by subsequent events.

2. Interstitial Phase
In this phase the nonspecific manifestations of the ﬁrst phssc

persist, but they are masked by the devel t of more d
related to respirati These consist mainly in dyspnen,
PR i 4 -boneos ik 35 yqually
- . . ombined
- the ear~
. . 2 arterial

e .
pressure elther is elevated, as at the onset, or has returned to the
patient’s normal level. The neck veins are distended in many pa-



CLINICAL MANIFESTATIONS 3

tients. Examination of the lungs shows striking prolongation of the
i y phase of iration. Wheezing, jied by musicsl
rales and rhonchi, is marked in many cases but may be absent in
others. Crackling rales are few and inconstant or are absent entirely.
‘This phase of the attack may last for many minutes or & few hours;
on the other hand, the peried in which the lungs remain free of de-
tectable intra-alveolar fluid may be go brief as to be unmeasurable.
The interstitial phase may proceed abruptly into the phase of alveolar
transudation. Patients who suffer recurrent attacks lesmn to obtain
relief by sitting up with their feet dangling, or by standing; some
rush to & window and lean out in an attempt to “get more air.”” In

many attacks, ission (either sp or due to )

mzy oceur before transudanon into the slveoli becomes clinically
ble. The & itial and intra-alveolar phases may all

dly. Shock may ionally supervene in prolonged pulmo-

nary edema of the interstitial type.

Laboratory studies show rises in hematocrit, erythrocyte count,
and hemoglobin level; a lesser rise in plasma protein level may be
noted. The airculation time is slowed, a few observations of cardiac
output have revealed lowered values for blood flow through the
lungs. The vital capacity is lowered markedly, and the arterial blood
oxygen saturation falls to between 70 and 85 per cent. The right-

and heral venous are el , but not
necessarily above the upper limit of normal.

3. Intra-alveolar Phase

The severity of intra-alveol lation of fluid varies markedly;
in some patients there is only a httle fluid, which is revealed by fine
scattered rales, whereas in others bubbling sounds may be audible at a
distance of several feet. The time of onset of this phase varies also; it
mey oceur a few seconds or several hours after the first feeling of
anxiety, or 1n some cases it may not eppear at all. The aceumulation
of fluid in the alveoli and small airways usually aggravates dyspnea
and causes coughing The amount of sputum produced ranges from
a few cubic centimeters to a liter or more. Small amounts of mucus,
varying quantities of blood, and conmderable air are mixed with the
plasma, that is coughed up The color of the sputum, which depends
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on the amount of hemoglobin contained, may range from a pale
orange to the dense red of blood itself.

Examination of such patients shows mod to marked cy
Tachycardia is present; the arterial pressure is approximately at the
patient's usual level, The neck veins are distended. Expiration is pro-
longed, and crackling or bubbling rales are audible over most of the
chest. Wheezing, with its musical rales, may be present also. The
crackling and musical rales are not necessarily uniform in distribu-
tion; they may be more numerous on one side or over one lobe.

Rectal temperatures of 101° F or even higher are common in pa-
tients who have acute pulmonary edema for many hours or a few
days; this is owing to the impairment of heat dispersal that eccurs
in the syndrome. It should also be borne in mind that bacterial infec~
tion is favored by the increase of fluid in the lungs and the impairment
of pul y function that are iated with the synd: ; patchy
bronch ias are ly found at post-mortem i)
tion in patients dymng of or with pulmonary edema.

This phase of the attack may be followed by remission—either
spontaneous or due to therapy. In many instances, however, shock
develops. This too may be either spontaneous or due to the use of
tourniquets, positive pressure respiration, or venesection. In a few
cases the bubbling rales disappear and the patient reverts to the
interstitial phase, with or without wheezing

Laboratory studies on patients in this state are few and frag-
mentary. The changes are similar to those described for the inter-
stitial phase but may be more marked.

4. Shock

"Fhis condition 15 common in pulmonary edems. It may be caused
by the factor respansible for the edema—myocardial infarction, for
may bea of either the pulmonary edema or
jts treatment. .
The development of shock is ushered i by elouding of conscious-
ness in the patient; although hyperpnea 1s still evident, dy"spnea 18
not prominent and orthopnea disappears The pulse rate increases
and srterial pressure falls The veins are narrow and flat. ‘I’nll.or,
grayish cyanosis, and clammy ting are marked. E:
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of the lungs shows signs similar to those of the earlier stages of the
attack.

A few measurements of venous pressure have been made in patients
with shock associated with pulmonary edema; values in the normal
range oceur with mild shock, but very low pressures are found in
severe collapse.

The mortality rate is high in patients who have both pulmonary
edema and shock. A few patients recover sponta.neously, there is
no strong evid that available therapy predictabl, the
outcome, The longer the shock persists, the poorer the prognosis.

5. Terminal Phase

D ing of shock, devel of coma, and the appearance of
cardiac and resprratory asthythmias indicate impending death.

Angina Pectoris and Acute Pulmonary Edema

Coronary arteriosclerosis is a common eause of acute pulmonary
edema m adults, hence 1t is to be expected that attacks of both
pulmonary edema and angina pectoris should occur in the same
patient.

The onset of angina pectoris is easily recognized, but in many
nstances the patient may not become aware of an attack of pulmo-
nary edema for some runutes; hence patients may state variously
that the angina pectoris occurred before, after, or simultaneously
with the onset of the dyspnea or wheezing of pulmonary edema If
the factor responsible for the edema 1s one that causes an increase in
cardiae work or 2 decrease mn coronary blood flow, it may itself
precipitate angina pectoris in various temporal relations to the
pulmonary edema On the other hand, the anoxia caused by edema
of the lungs may of 1tself produce anginal pamn. In addition, any
very uncomfortable symptom may distract the patient’s attention
from other symptoms; severe angina msy overshadow mild or
moderate pulmonary edema, or vice versa. Moreover, some patients
cannot distmguish the feeling of ion due to one
from that caused by the other. Stokes noted over a century ago that
“the disease which in this country [Ireland} most often gets the name
of angina pectoris might be more properly designated cardiac asthma.”
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Some patients give a history of angina pectoris, stating that that
syndrome disappeared when attacks of acute pulmonary edema
began. This was pointed out by Balfour sixty years ago: “Now and
then ordinary attacks of painful angina cease, and towards the close
of life the patient suffers only from fits of breathlessness.” It is
probable that this sequence of events merely indicates that the
patient’s heart disease has worsened and that anging pectoris has
seemingly disappeared because the patient cannot exert himself as
much as previously. It might also mean that the anginal discomfort
has merely been overshadowed by the greater distress eaused by the
dyspnes of pulmonary edema.

At any rate, the occurrence of angina pectoris in association with
pulmonary edema has no significance other than that of angina
pectoris alone—that is, that the patient has an inadequate coronary
blood flow.

Differential Diagnosis

1t is usually not difficult to distinguish fully developed attacks of
pulmonary edema or cardmc asthma from other syndromes At the
onset, before respi y signs
appear, the mnmfattahaus of the dJsorder are mdxstmguxshﬂble
from those of an anxiety attack. However, this early stage of pulmo-
nary edems is rarely observed in home practice, and only occasionally
and by chance in the hospital. These early manifestations are of
brief duration; they either pass off or progress to a more advanced

stage of the syndrome.

hial Asthma: The i "‘phnseof 1 "y edema
is the one most likely to cause dx!ﬁcultles in dxagnoms—especm]ly u'
Atomatoat

The dyspnea and wheezing respiration of pulmonary edema resemhle
those of bronchial asthma; the musical rales and rhonchi heard on
examination, with few or no crackles or bubbles, apparently heighten

this similarity.
The patient’s age at the first attack of the bronchospastic syndrome
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is important, Cardiac asthma is rare under the age of fifty except in
association with such easily diagnosed conditions as severe cardiac,
hepatic, or renal disease, ben-ben, certa.m pneumonias, hyper-
tension, and a variety of tory, or ti
diseases of the brain.

On the other hand, first attacks of bronchial asthma rarely occur
after the age of fifty except in patients with a long history of non-
asthmatie bronchitis or of to some industrial dust. In ad-
dition, a history of otker allergic manifestations—such as rashes, hay
fever, and so forth—or of chronic bronchitis is often obtained.
Accordmgly, attacks of asthma thac oceur prior to middle age ara

be ded as i bronchial asthms, unless

proved otherwise.

Another diagnostic aid is the fact that bronchial asthma is com-
monly accompanied by eosinophilia, whereas 1n cardiac asthma the
eosinophil count rises slightly at first but then usually falls; this
decrease does not develop for several hours and may therefore be of
little help in differential diagnosis.

Since a certamn number of cases cannot be differentiated on the
basis of history, and since findings at physical examination may be
identical in bronchial and cardiac asthma, measurement of circula-
tion time may be found helpful, This is normal or rapid in bronchial
asthma and slowed in most cases of cardiac asthma. When borderline
results are obtained with the test, or when the patient is so ill that
the physician cannot risk waiting until the test can be performed,
treatment may have to be instituted notwithstanding When the
nature of an asthmatlc attack cannot be determined on the basis of

bl hylline (page 53) should be used to
avoid the dangers asocmted with the use of large doses of morphine

PRt N,

PO Y

coniused with other condmons One disorder that may resemble
acute pulmonary edema in some respects is not common in adults,
This is an mf'ectmui process: capillary bronchitls, or acute bron-
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of rales in an attack of acute pulmonary edema. Although the disease
is mainly found in children, its oceasional oceurrence in adults
should be borne in mind, since if morphine is used in capillary bron-
chitis because of an erroncous diagnosis of acute pulmonary edema
the results may be unfortunate,

Aeute Pulmonary Edema and Chronic Cardiac
Decompensation

There is a close relation between acute pulmonary edema and
¢chronic cardiac decompensation in patients whose pulmonary edema
is due to heart dwease. This relation tskes several forms. Some
patients with chronic decompensation develop attacks of pulmonary
edema (usually nocturnal) only when the chronie failure is severe.
When the decompensation is treated, these aftacks disappear.

Other patients exhibit an inverse temporal relation. Attacks of
pulmonary edema may recur for several weeks, or even & few months,
before the signs of chronie fatlure become striking, However, careful
study of such patients, if made hefore venous engorgement, hepa-
tomegaly, and edema appear, indicates that they actually have had
some degree of chronic failure from the start. This is manifested by
exertional dyspnea, moderate orthopnes, and a few basal rales;
Jaboratory studies in such instances reveal slowed circulation time
and diminution of the vital capacity. The acute attacks, which are
usually nocturnal, are so dramatic that the slowly progressive chronic
failure i i overlooked until it b 80 severe as to
require attention months later. On the other hand, when these
changes occur in patients with syphulitic aortitis the signs of chronic
failure often become striking and intractable merely a few days or a
few weeks after the onset of the acute pulmonary edema. In patients
of this type the pul y edems 13 probabl, ipitated by physio-
logic changes due to chronic failure (Part II).

A third type of temporal relation between chronic eardiac de-
compensation and acute pulmonary edema is exempli.ﬁed in some
patients with mitral stenosis or myaocardial inf?rctx_an in whom the
ncute syndrome ceases to oceur when the chronie Im!ure. develops or
at least becomes overt. The sequence of e_vents in patients of t}m
type has aroused rauch interest among clinicians, who usually deseribe
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the situation as one of amelioration of left-ventricular failure because
of failure of the right ventricle. Alternative interpretations suggest
themselves, however.

The patients with mitral stenosis who no longer have attacks of
pulmonary edema after peripheral signs of failure have developed
actually show no physiologic evidence of failure of either ventricle
during the period of attacks. The pulmonary edema is usually caused
by tachycardia occurring under a mechanical condition that requires
a slow cardiasc rate—with long diastoles—for adequate blood flow
through the lungs; this condition is created by marked narrowing
of the mitral valve (page 33). On the other hand, studies made
when the pstient is in chronic failure (with peripheral edema, hepa-
tomegaly, and venous engorgement) end free of pulmonary edema
show that both ventricles have failed (page 34), despite further
increases in pulmonary capillary pressure {a sign of left-ventricular
weakness), the attacks of pulmonary edem disappear. This rather

complex physiolog] is d in detail elsewhere
(page 35) In occasional patxents, acute attacks of edema of the lungs

when isinsti d for chronic cardiac decompensa-
tion.

The patients with myocardial infarction who exhibit severe pulmo-
nary edema for a day or two after an attack, followed by subsidence
of the pulmonary edema as the peripheral signs of chronic failure
develop, have probably had both syndromes from the very start. It
has been amply demonstrated that the body’s extracellular fluid
volume must be increased by a quarter or a third of its normal value
before peripheral edema can be detected. The of peri
edema (and the other peripheral signs of failure) on the third or
fourth day after myocardial infarction indicates that the chronie
failure began several days earber, pulmonary edema that follows
myocardial infarction is often self-limited, lasting for a few hours to
8 few days. In patients of the type discussed here, each of the two
syndromes—acute pulmonary edema and chrome cardiac decompensa-
tion—goes through its normal evolution independently, and the
temporal relation may musleadingly resemble a causal relation.
Certainly, judgment in clinical problems of this sort showld be
reserved until enough physiologic data is et hand to ensure valid
interpretations,
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Prognosis

The outcome of attacks of pulmonary edema is most uncertain.
Although the use of modern methods of treatment has increased the
likelihood of recovery from an attack, many patients still die of the
syndrome. Most of the factors that determine the outcome are
inherent in the disease that caused the pulmonary edema. For
example, acute pulmonary edema in myocardial infarction has a
poorer immediate prognosis than the pulmonary edema precipitated
by intravenous infusions. Similarly, the pulmonary edema of uremic
acldosls is far more cmmous than that which oeccurs at the onset of
acute glomerulonephritis, This is und dable to some extent;
patients with di that of th lves cause shock will naturally
do worse than others if pulmonary edema supervenes. The relation of
outcome to underlying diseases in pulmonary edems is discussed
more fully in Part II1. At times the complications of the underlying
disorders, rather than the disorders themselves, determine the out-
come, dangerous comphca.nons include pulmonary infarction,

d 1ntracranial p , and so forth

The seventy of an attack is not a reliable md\cahon of the chances
of recovery. More significant in this respect are the duration of the
attack, the response to tteatment, and the development of persistent
shock,

The clinical picture following subsidence of the first attack of
pulmonn.xy edema varies markedly Here too the course of events
is largely d ined by iol id When the i
iliness is of relatively brief durat acut dial
infaretion, or pneumonm for example—the patient has only one or
a few attacks and may pever again have another, even if he survives
for decades Attacks that recur frequently over a period of many
weeks or months are obviously associated with a chronic condition;
in most cases this condition 1s chronic cardisc decompensation,
although occasmonally it is chronic uremic acidosis,




IL. Basic Physiologic Considerations

PHYSICIANS WHO FREQUENTLY ENCOUNTER pulmonary edems in
practice are often unsble to predict accurately either when the
syndrome will develop or whether its remission will occur spon-
taneously or as the result of t These difficulties are
because available information 1s still incomplete with regard to two
basic factors: (1) the physiology of the disorder itself and (2) the
mechanism of action of the therapeutic measures employed. However,
these inadequacies are masked by the currently accepted theory of
the ongm of pu].monary edema According to this theory, which is
y edema is solely the consequence
of isolated or disproportionate failure of the left ventricle—the right
ventricle presumedly bemng either normal in function or less weakened
than the left.

The theory actually ongmated over a century ago. After a period
of sporadic modification alternating with neglect, 1t was rebom
between 1900 and 1913, and quickly crystallized in its present rigid
form. Luisada’s brief account®* describes the changes 1n etiologic
concepts that accompanied the nse of vanous cardiologists in the
past century; it might be of interest to review some of these ideas.

Most theores of the mechanism of pulmonary edema are denived
from concepts of the origin of cardiac dyspnea in general The belief
that dyspnea results from pulmonary congestion due to generahzed
cardiac weakness dates back to Corvisart or earlier—that is, to the
late eighteenth century. The concept of isolated failure of each
ventricle was propounded later Hope 1s believed to be the originator
of lhe theory as it exists today. His clearly formulated ideas on

y edema were published 1n A Treatise on Diseases of the
Heart (1840):

The Blood, not being freely transmutted by the left ventricle, accumulatey

dreams with starting from sleep, and passive pulmonary baemorrhage of
1
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dark, grumous blood in small quantities, forming sanious sputa and gener-

nlly.the precursor of death in individuals affected with great difficulty of

respiration.

It must not be concluded, however, that left-ventricular backward
failure was accepted as the cause of pulmonary edema by all clinicians
of the nineteenth century. Widely divergent ideas were expressed by
writers of the period; indeed, Hope himself showed a broad view of
additional possibilities 1n the discussion of cardiae asthma, contained
in his treatise:

Sometimes blood does not enter the lungs in sufficient quantity, and this

may arise either from weakness of the right ventricle, from an obstruction
in its mouth, or from increased resstance in the lungs . . . Hente results
3 oA At e A Ahes WAand

when the ct jon 18 simply T d, as by palpitation, running, or
by slighter effects in corpulent persons Now under all these circumstances,
there is 1nadequate oxygenation of the blood, or, 1n other words, there 18
an excess of venous blood 1n the lunga first, because the quantity of blood
exceeds its due proportion to the air in the organ; secondly, because the
averloaded vessels do not always transmit the flud with natural celerity;
thirdly, beczuse the engorgement of the mucous membrane on which the
blood ramufies, constricts the brouchial passages, and prevents the free
ingress of air, aa proved by the feebleness of the respiratory murmur.

Some leading cardiologists went to the opposite extreme. For
instance, Brunton believed that “When the right side of the heart is
enfeebled the symptoms of cardiac asthma are apt to come on...
This condition 1s largely due to degeneration of the right side of the
heart, consequent upon interference with the circulation in the nght
coronary artery.”

Rebirth of the left-ventricular-failure theory was heralded by the
wntings of Lian and Vaquez between 1900 and 1913; today the
ph is firmly established in the minds of cardiologists as the
cause of acute pulmonary edema. The following quotation from
Harrison® is a precise formulation of the modern concept of left-
ventricular backward failure as the cause of acute pulmonary edema.

Two different chmeal pictures may result from back pressure. Failure
of the left sde of the heart when it produces only congestion of the lungs
¢causes diminution in vital capacity, dyspoea, and in many patients, cough.
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When the congestion becantes 8o marked that fluid begins to pass from the
capillanes into the slveol, edema of the lungs, as revezled by moist rales
oceurs, snd if this ia of sufficient severity the subject has profuse, frothy
expectoration, Hence, 1t ia a fallacy to assume that the lungs are not con-
gested because no rales are heard The early objective sign of pulmonary
congestion is the diminution in the wital capacity and the occurrence of

edema and the accumulation of fluid in the body cavities

However, although these ideas are upheld by clinicians, few present-
day physiologists accept the left-ventricular-failure theory. The
following objections have been raised:

(1) Significant isolated left-ventricular failure lasting long enough
to produce pulmonary edema has never been demonstrated in the
intact animal, However, this is not a serious objection; improve-
ments in phystologic techniques may later make such a demonstration
possible, Persistent isolated fadure of either ventricle occurs com-
monly in the heart-lung preparation, but these conditions only
slightly resemble those of clinical acute pulmonary edema. It is
worthy of note that pulmonary edema develops in the heart-lung
preparation with failure of either ventricle, of neither ventricle, or of
both ventricles,

(2) Although the th ic effects of stll ding, sitting with
feet di ds i i and positive pressure
respiration can be explained by the left-ventncular-failure theory,
they can also be explained equally well by other concepts. This
likewise is not & serious objection to the theory. However, the action
of hine, the most effective th ic agent in pul
edema, cannot be explained in d with the left-v 1
failure concept.

(3) The left-ventricular-failure theory of pulmonary edema pre-
supposes a constant relation between pulmonary eapillary pressure
and pulmonary edema; according to the theory, pulmonary edema
regularly occurs when the capillary pressure exceeds the oncotic
pressure of the blood plasma. Measurements in man and 1n animals
show thet no constant relation exists. Bland and Sweet,? Werks et
al,® and Ellis et al* showed that in mutral stenosis pulmonary
edema does not necessarily ocour even though the pulmonary capillary

+4
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and venous pressures may greatly exceed the plasma oncotie pressure;
indeed, the two latter groups of workers showed that there is no
constant and exact relation between pulmonary capillary pressure
and pulmonary edema in patients with mitral disease. Other data on
mitral stenosis are in agreement. 4 # Analysis of the data of Paine
et al.” on animals also shows no constant, relation between pulmonary
capillary pressure and pulmonary edema. These data msy be sum-
marized as follows;
Left-Aunicular  Cases in Which  Casen in Which
Pressure

Pulmonary Pulmenas
mm Hg Edema Present  Edems Absent
10-19 0 2
20-29 0 1
30-39 2 3
4049 3 1
50-59 1 0
60-69 4 0
70-79 1 0
80-89 2 ]
90-09 1 )

Pulmonary edema was found in all animals only at levels of pulmo-
nary venous pressure above 50 mm. of mercury; this level is almost
twice the oncotic pressure of blood plasma in normal animals and
more than twice that found in experimental pulmonary edema
when the animals are given intravenous saline infusions. When
pulmonary venous pressure is lower but still above the plasma
oncotic pressure, pulmonary edema may or may not occur. The
findings of Ellis et al.® are even more decisive; they show that pa-
tients with mitral stenosis may have no further attacks of pulmonary
edema when changes in circulatory dynamics develop that actually
raise the pulmonary capillary pressure.

(4) Experimental pulmonary edema in animals oteurs in circum-
stances in which left-ventricular failure could scarcely be considered
& factor. For instance, some authors ascnibe the pulmonary edems
induced by epinephrine to left-ventricular failure caused by hyper-

e L s vled by

1 with-
. . . . = 1at the
hypertension due to injection of epinephnne directly causes p}llmo-
nary edema by precipitating Ieft-ventricular failure; moreover, it has
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been shown that epinephrine increases the work of the right ventricle
more than it adds to that of the left.?

(5) The theory that pulmonary edema is due solely and directly
to left-ventricular failure does not tske into account the complex
interrelations among pul y vascular p \ -y blood
flow, pulmonary lymphatic function, and plasma oncetic pressure.
The resultant of these factors determines the presence or absence of

y edema Any explanation of the mechanism of pul ry
edema must include consideration of all of them.

Pulmonary Fluid Dynamics

A s dored

Before the changes to -y edema are
it might be helpful to discuss normal pulmonary fluid dynamies. The
amount of blood in the lungs varies with the phases of the respiratory
cycles* However, changes in one direction are always followed by
changes in the other; therefore under tant normal conditions the
average amount of blood m the lungs is unchanged. The volumes of
blood entering and leaving the lungs are never equal for any length of
time. In addition to the phasic effects of respiration, there are other,
more important differences between inflow and outflow; these are
caused by non-respiratory factors. Inflow into the alveolar capillary
bed consists of the output of the right ventricle plus a small ad-
ditional quantity from the left ventncle introduced by way of the
bronchial arteries; impairment of flow through the pulmonary
artery (as in pulmonary stenosis or severe parenchymsl pulmonary
disease) markedly incresses the contribution of the left ventricle,

Fluid is filtered from the pulmonary capillaries at rates determined
by capillary pressure, area of the capillary bed, volume flow of
capillary blood per unit of time, capillary permeability, and plasma
oncotic pressure. A factor that is important in hmiting transudation
in peripheral tissues is the tissue pressure, which resists excessive
accumulation of extracellular fluid. However, pulmonary tissue
pressure is probably very low, owing to the structure of the lungs;
accordmgly, resistance to edema formation also is low., Another

between y and peripheral capxllary fil is
that pul Nark bsorb only negli of fluid
filtered into the parenchymal connective tissue. Reabsorption of this
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fluid takes place almost entirely by way of the lymphatics. The
amount of blood leaving the capillary bed is always less, by the
volume of lymphatic fluid, than the amount entering it.

The volume of lymphatic flow in men is not known. Even in
animal experiments, in which pul y lymphatic flow is d
by Drinker’s techniques,”® the conditions are so abnormal that the
normal volume of lymphatic flow cannot be accurately ascertained.
Moreover, the factors that modify pulmonary lymphatic function
are unknown—except that respiratory activity bas been establishe
as one of them. In addition, it is probable that el d systerni
venous impairs pul v lymphatic flow, since all lym-
phatics empty into the superior vena caval system.

At any rate, the volume of blood leaving the pulmonary capillary
bed is smaller, by an unknown quantity (the volume of lymphatic
fluid), than the volume entering it. The blood is carried off largely
through the pulmonary veins, only a very small amount leaving
through the bronchial veins. However, the bronchial venous outflow
is greatly i d when pul vy venous p remain
markedly elevated for long periods, as in mitral stenosis.

Accumulation of Fluid in the Lungs

A report by Richter™ describes in detail the sequence of histologic
changes seen in experimental pul v edema The administration
of alph hthyl-thi regularly prod pul v edema in
rats. The earliest change seen is marked dilatation of large lymphatics
about the hilus; on histologic section these normally appear as narrow
slits. Fluid next becomes visible in tissue spaces in the hilar regions
and subsequently is seen farther and farther out in the parenchyma,
ultimately appearing in the alveolar walls, After varying intervals of
time, edema fluid enters the alveoli, quickly filling most of them
and pouring out through the bronchi. It should be noted that the
{formation of intra-alveolar t date is & late ifestation and
that severe pulmonary edema may be present without it.

The marked increase in pulmonary capillary permeability caused
by alpha-naphthyl-thiourea allows plasma to pass through to the
pericapillary tissue spaces. The fluid is immediately taken up by the
terminal lymphatics and passed along; it therefore does not ac-
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cumulate around the blood capillaries. The fluid-cartying capacity
of the large perihilar Iymphatics is soon exceeded, and edema of the
hilar connective tissae then develops, spreading down to the alveolar
walls. It is evident that Iymphatic function is 2 most important
factor in yulmonary edems.

An extensive 1 t 1 pub y edems now
exists; this has been revxewed by Luisada® and by Henneman.©
The reported experiments fall into several categories: those designed
to reveal effects of changes in pulmonary capillary permeability
(exemplified by the studies of Drinker and Richter); those designed
to demonstrate the role of left-ventricular failure (the first of these
was made 85 years ago by Cohnheim and his pupil, Welch); and
those designed to disclose the possible role of neurogenic factors
{initiated by von Cyon [Tsion] almost a centary ago)

The great mass of published data on
edema does not yet provide a basis for a simple, demcnstmbly va.!xd
concept of the otigin of acute pulmonary edema.

The reported experiments are defective in several respects. Many
were designed merely to d the occurrence or absence of
pulmonary edema in 2 given set of circumstances and therefore did
not isolate single physiologic mechanisms. In others, large infusions
of normal saline or other scluticns were given to the experimental

animals in order to i) 1 'y edema that
had been produced i m a latent form by some other procedure. Such
not only lar dynamics in a varisble

fashion* 2.2 9 byt also lower plasma protein levels®®; moreover,
if the infusion is excessively large it may produce electrolyte im-
balances and acidosis (the pH of normal saline solution is 7.0 as com-
pared to 7.4 for plasma). In many experiments the use of morphire,
barbiturates, or other central-nervous-system depressants introduced
confusing factors; these substances may minimize or prevent pulmo-
pary edema, and may depress circulatory and respirstory reflexes.
Criteria for the presence of experimental pulmonary edema were
various and often unsatisfactory, In many studies froth in the lungs
or even in the trachea was the sole index; n others, increased weight
of the Iunp wasy considered the cnucal phenomenon. Neither obser-
vations on hatic flow nor histol of the degree of
Iymphatic distention were made in the majority of experiments,
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In some studies, drugs or procedures were used that might have
caused eardiac arrhythmias, thereby distorting cardiac function;
however, electrocardiographic studies in such experiments were
rarely reported. In {onal instances, eliminating some mechani
in attempts to isolate one that might favor pulmonary edema actually
resulted in the introduction of still another mechanism, This is
exemplified by experiments of Sarnoff and Sarnoff’* 7 who removed
pulmonary vasomator nerves in animals with marked peripheral
vasoconstriction that were given saline intravenously; this corabina-
tion of circumstances introduced a new factor,—abnormal distribu-
tion of blood,~since elimination of pul y riction
' 4 5. comp v mechani tivated by infusi

All these comments on previous experimental work on pulmonary
edems are intended as critical but not derogatory; it is generally
recognized that the field of pulmonary vasomotor activity and fluid
dynamics is one of the most difficult and most treacherous in all
circulatory physiology. Actually, it iy surprising, not that so little
but rather that so much has been learned about these matters in the
past century—and particularly in the past twenty years. Nevertheless,
the fact remains that no successful studies have yet been made
that escape the sforementioned criticisms and slso present simul-
taneous observations on cardiac output, periphersl and pulmenary
arterial and venous pressures, lymphatic flow, plasma protein level,
and blood gas concentrations in various types of experimental
pulmonary edema. When such data are available, they will constitute
the basis of & valid concept of the path is of acute pull Yy
edema.

Tn the absence of such a concept, all that can safely be done is to
extract from the mass of data those observations that afford informa-
tion on various factors that are known to affect fluid dynamics 1n
genersl, The following factors are apparently important in this

e
(a) Plasma Protein Level: There is ample evidence that hypo-
inemis causes i d pul y lymphatic flow. 7 No
gxperiments have yet demonstrated that lowered plasma protein
level of itself causes overt pulmonary edema, This factor is probably
of contributory importance in the pulmonary edema observed in

nephritis, cirthosis of the livPr, beri-beri, and some cases of long-
ding cardine !

2

P
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(b) Pulmonary Blood Flow: No experimental study has shown
that pulmonary edema is caused solely by increases or decreases in
pulmonary blood flow within & ressonable range. On the other
hand, there is good evidence that changes in pulmonary blood flow
strongly influence the amount of pulmonary edema. Increase in
inflow into or decrease of outflow from the Iungs aggravates pulmo-
nary edeme; changes in the opposite direction ameliorate it. These
phenomena are of the greatest importance in clinical pulmonary
edema in that they are basic to some of the most effective forms
of therapy; tourniquets, venesection, and positive pressure respira-
tion decrease pulmonary inflow, wherezs vasodilator drugs increase
outflow, In addition, changes in pulmonary inflow and outflow explain
variations in the development of pulmonary edema in mitral stenosis
(pzge 33). In some cases, when chronic congestive failure has cansed
diminution of flow into and through the lungs, overt attacks of
pulmonary edema may cease.

{c) Pulmonary Filtration Pressure: It is well established that
increases in pulmonary capillary pressure aggravate pulmonary
edems 2 % 7136 Fowever, there is no exact correlation between
capillary and the of the synd this eircum-
stance demonstrates that other factors also are important. Although
any rise above the normal capillary pressure causes increased
transudation into the hssues, the fluid so filtered does not accumulate
unless the rate of d is ive, this Tate may
be the result of extremely high capillary pressure or of a variety of
other factors. Increase in capillary pressure is always a contributory
cause of pulmonary edema; if extremely large it may be the sole
cause. As far as is now known, rises in pulmonary capillary pressure
are due solely to rises in pulmonary venous pressure, although pulmo-
nary arteriolar dilatation theoretrcally might have a similar effect;
pulmonary arteriolar constriction tends to lower capillary pressure
~—or at least minimize its rise Pulmonary capillary pressure is known
to be elevated in three groups of chinical syndromes: chronic con-
gestive failure, mitral valvular disease, and pencarditis It may possi-
bly be elevated in other diseases

(d) Pul y Venular P Pulmonary venular pressure
largely d ines the pul. 'y capillary the latter must
always be slightly higher than the former. Elevation of pulmonary
venular pressure by partially Ligating the pulmonary veins or jnflating
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balloons in the right auricle causes congestion of the lungs®. . 3¢;
detectable pulmonary edema does not develop unless the degree of
venous obstruction is extreme®*—presumably because stasis causes a
decrease in pulmonary blood flow.

Other mechanisms of pulmonary venous hypertension that have
been revealed by studies in animals are the influence of neurogenic
stimuli on the vasomotor system and the effect of histamine on
pulmonary venules. These are discussed below (pages 20 and 21).

Avarlable measurements show high pulmonary venous (or left-
auricular) pressure in patients with mitral disease, and similar—
though ly less marked—changes are found in chronic con-
gestive failure. Their etiologic importance in pulmonary edems is
evident. In addition, it is possible that they constitute an important

hanism in the pub y edema iated with a variety of
intracranial lesions

(¢) Pulmonary Vasomotor Changes: Increased pulmonary
arterial pressure, evidently caused by vasoconstriction at least part
of the time, occurs 1n some forms of experimentally induced pulmo-
nary edems, in anoxia,®® and dunng intravenous infusions® This
phenomenon may lower the capillary pressure slightly or at least
prevent it from rising. More importantly, it causes the right ventricle
to expend so much work against pressure that it is unable to increase
its output*® It is evident, therefore, that pulmonary arteriolar
constriction protects the lungs against the development or exacerba-
tion of pulmonary edema. It is not established whether pulmonary
arterial hypertension, like peripheral hypertension, depresses the
heart and lowers its output through reflex action.

Some types of experimental pulmonary edema—such as that
induced by ph ¥—are not d by pul y arteri
hypertension except terminally. Moreover, it is not certain that the
observed rises in pulmonary arteriolar pressure in other types of
pulmonary edema are entirely due to vasoconstriction—that is, are
signifieantly greater than rises in pulmonary capillary pressures.

It is not yet established that pulmonary venular constriction can
be caused by vasomotor activity Some data obtained in snimals
with pulmonary edema reveal increases in pulmonary venous pres-
sure that might be due to iction.!- 7 77 Additional frag-
mentary data pertinent to this problem are to be found in observa-
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tions on pulmonary eapillary pressure made after administration of
drugs that dilate smooth muscle (page 53) or paralyze autonomic
reflexes (page 56).

The work of Rexed and von Euler™ on histaminerge nerve fibers
may prove highly important in relation to pulmonary edema.
Histamine, normally present in the lungs in a combined form, is
freed during the experimental production of pulmonary edema.?*- 45 4

Epinephrine hes this effect*; it also increases the blood histamine
content.® 3 Histamine constncts the pulmonary venules but not
the arterioles® 1n di; hriee, which constricts
both. Acetylcholine resembles hlstamme in this respect.

The fact that adrenolytic agents?- ¥ 5¢. 57. 8. 81 ;phibit the develop-
ment of pulmonary edema in animals strongly suggests that vaso-
motor influences may be important in the precipitation of the syn-
drome, Many studies of these phenomena must be made before valid
conclusions may be drawn, It 1s interesting that stimulation of the
stellate ganglion causes pulmonary edema without significantly
increasing filtering pressure &

The pathways that carry va.somotor impulses to the lungs have
not yet been deli has been published that the
pre-optic hypothalamic nuclei are involved in the production of
pulmonary edema in ammals,”™ 4 but this work awaits corroboration,
The concept that vasomotor centers 1n the brain may play a role in
pulmonary edema raises the possibility that reflexes enginating in
the viscera and passing through these centers might play a significant
role in the development of pulmoenary edema. In addition, 1t is
theoretically possible that damage to these centers by infection,
hemorrhage, anoxia, or toxins (such as smmonmum) mght distort
such wisceral reflexes, thereby precipitating pulmonary edems, or
might cause edema solely through irritation of the centers them-
selves,

That pulmonary venoconstriction occurs in man ean only be
eonjectured, fragmentary data suggest that it may be found in
cardiae disease™ 3 Nevertheless, it may prove to be an important
etiologic factor 1 some types of pulmonary edema-—particularly
that caused by cerebral lesions.

(f) Capillary P bility: Currently availabl hods cannot
yield precise date 1 vivo on the physical characteristics of a capillary
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bed as extensive 83 that of the lungs. Accordingly, published informa-
tion on the degree of its permeability to protein in experimental
pulmonary edems i3 based on indirect e\ndence. ‘The pulmonary
edema of expemnentai alpha-naphthyl-thi ieation™ and of

lation'. & ig {ly believed to be due to capillary
damage. In the ease of the latter, available data apparently role out
increased capillary pressure as the chief factor in its production®
Burns cause pulmunary edema by damaging capillaries in the hungs?

Anoxia slso eauses 1 y capillery p bility—at
least it causes an inereased elnbomnon of fluid in the lungstt. 1. & 8.
that i3 not due to hanges; indeed, Y. arteriolar
iction, the only change known 1o oceur in apoxis,

i dencies toward f jon of p v edems.?
Increz.sed capxllary penneabxhty ecems established s an lmpnﬂ&nt
ism in pub ry edema due to anoxis and to

inhalation of toxic gases, Whether it contributes to pulmenary edema
in inflammatory lesions of the Iungs is a matter of conjecture.

(g} Area of Pulmonary Capillary Filtering Surface: No data
are gvailable concerning how filteation is affected by changes in the
ares of the total eapillary filtering surface in the Jungs, It may be
taken for granted that filtration is altered by these changes.

Significant increases in pulmonary capillary filtering surface are
probably caused by stasis due to high polmonary venovs pressures,
a5 in some of the conditions enumerated above (page 18). Tn addition,
increases in total circulating blood volume, as in chronie congestive
failure, might have similar effects. It ls slso possible that blood
redistribution Ming from periph iction in the
absence of equal {or any} pulmonary vasoconstsiction increases the
amount of blood in the lungs and hence also the area of filtering
surface. 'This phenomenon might poessibly occur in hypertensive
crises or during & febrile reaction; increases in thoracic-duct and
cemcal—duct {ymph flow hsve been described in animals with fever.®

(k) P y Lymp Fi ion: Experi in animals
have demonstrated that obstruction of pulmonary lymphstic flow
aggravates pulmonary edems * One Lnuwn cause of such obstruction
is elevation of p in the peripheral venous system,® into whick
it [ymphmcs uftimately drain, Extensive inflammatory Iymphatic
thrombosis is almost certainly another cause, but no observations
have been published on this phenomenan.
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Pulmonary edems. in chronic cardmc decompensation is probably

Agg! d by of 1 venous P , with its

of i d pul phatic pressure,

In addiﬁon, infl tory thrombosis of ‘, hati babl
trib to the pub 'y edema d in

especially those of the interstitial variety.

(i) Bronc)nal Obstmchon' Drinker? has shown that bronchial
; others have since corroborated
this finding. The mechanism of this change is not known. However,
one suggested explanation is based on the fact that forceful inspiration
sgainst partial bronchisl obstruction increases the negativity of the
pressure within the parenchyma—that is, lowers tissue pressure
{which ordinarily resists ion causes
only a small or mod increase in extracellular fluid. Itisi
that bronchospasm msay be caused by reflexes from the carotxd
ginuses1. 19

It is possible that the pulmonary edema encountered in some
patients with cor pulmonale is partially due to bronchospasm.
However, the latter cannot be s potent factor in this respect, since
pulmonary edema is rare in other types of bronchial obstruction.

(i) Pulmonary Extracellular Water: No studies are available
on the normal variations in pulmonary extracellular fluid volume.
Large increases are evident in pulmonary edema of any origin. It is
reasonable to believe that s generalized bodily increase in extra.
cellular fluid favors the development of pu].m(mary edema to some
extent. Ex llular water in t!ssue, it is
establizhed that the proportion of collagen to other tissue in the
lungs is one of the two highest i the body, being exceeded only by
that of collagen to other tissue in the skin

A generalized increase in body water is found in chronic cardiac
decompensation and in some cases of neplmhs, malnutrition, and
hepatic cirrhosis; this factor probabl; to the develop
ment of pulmonary edetna in some patients with these conditions.

(k) Systemic Arterial Hypertension: Many animal experi-
ments have been made in attempts to study the effects of increased

on y edema. The d used were
of several types: ligation of the acrts, administration of epinephrine
snd related amines, and irritation of the brain. The first group are
worthless in the study of the role of the left ventricle in pulmonary
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edema, since the techniques used also caused marked impairment of
cerebral blood flow.

The use of sympathomimetic amines also fails to yield definite
conclusions, since resultant increases in left-ventricular work amount
to only 100 or 200 per cent—that is, not enough to cause failure of
the ventricle. This is shown by the fact that the left ventricle does
not fail when its work is increased 1000 per cent by other mens.
Some other mechanism must be sought to account for the pulmonary
edema caused by these amines. In this regard it is noteworthy that
when the same degree of hypertension is experimentally produced by
both epinephrine and nor-epinephrine, the latter is found to be Jess
likely to produce pulmonary edema™ Among those additional
effects of sympathomimetic amines that may be important causative
factors in pulmonary edema are the pulmonary vasomotor changes
induced by these substances and the arrhythmia-producing effect of

inephrine M , epinephrine causes the release of histamine
in the lungs* Theoretical considerations raise another point: It is
possible that hypertension conduces to pulmonary edema through
reflexes arising within the ventricles that might act on the pulmonary
vasomotor mechanisms The study of reflexes from within the
ventricles themselves has only recently begurn, many decades after
von Bezold first di trated them, inf ion on them 1s frag-
mentary at present

The third group of experiments on the relation of peripheral
arterial hypertension to pulmonary edema involves the effects of
irritation of the brain on peripheral vascular mechanisms. Interpreta-
tion of the results of these experiments is impossible because of the

imul pul Yy Vv tor changes that occur after the
brain has been damaged.

The eticlogic role in pulmonary edems of agents or mechanisn?s
that cause peripheral arterial constriction remains to be clarified. It is
established, however, that pressor drugs may be given to patients
with pulmonary edema without aggravation of that syn-
drome % 40 4. 5t. % YWhatever mechanisma are ultimately found, 1t is
clinicslly evident that hypertension is important in the genesis of
pulmonary edems. ) R . .

(1) Ventricular Damage: The earlier experiments involving
ventricular damage showed that Jesions of the left ventricle produced
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pulmonary edema in animals However, the work of Cataldi'*—the
best of its kind—also showed that lesions of the right ventricle had
the same effect. Whether myocardial failure occurred in these experi-
ments cannot be ascertained; it is known that the heart cannot be
made to fail by any but the most extreme traumatic damage. In
addition, the edema observed in all these experiments cannot be
interpreted as due to cardiac failure, since pulmonary edema may
occur with experimental lesions of either ventricle There is as yet no
explanation for this edema; reflexes of the von Bezold type, acting on
the pulmonary circulation, might account for the experimental results
reported. Considerable work remains to be done along these lines.

(m) Statc of the Respiratory Centers: Published reports have
described the amelioration or pr ion of experi 2] pul
edema, by means of respiratory depressant drugs; the view has been
expressed that the state of the respiratory center may in some way
inflyence the vasomotor mechanisms in the lungs. On the other hand,
respiratory depression produced by experimental cerebral damage
appears to have no inhibiting effect on the development of pulmonary
edema,

The single most useful agent in the control of pulmonary edema in
man is morphine; 1ts action 1n this respect has not yet been explained.

Summary

1t is evident that neither the large amount of available experi-
mental data nor any a prigri has yet ded a satisf: 'y
body of knowledge about the cause of pulmonary edema. At the
present time all that can be done 13 to combine experimental observa-
tions with what is known about the function of capillaries in general,
Wnters on speculative matters show a strong tendency to utilize
that are th 1 highly 1 , this may explain

the introduction of von Bezold reflexes and other neurogenic phe-
nomenn mto lhe present discussion. On the other hand, it is clear that

4

of pul 'y edenm cannot exist without
detailed and te knowledge of tor mecha-
nusms It 15 possible that even when all the mformatxon is available,
the pul -y edema d cl lly will prove to be caused

by the summation of submaximal changes in several complexly inter-
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related physiologic ph with one hanism or another
pls.ymg a dommant ps.rt in different situstions. The fundamental
disorder seems to be a rate of transudation from the pulmonary
capillaries that exceeds the reabsorptive capacity of the pulmonary
lymphatics. The factors that contribute to this imbalance are:

1. Incressed transudation
A. Elevated capillary pressure in lungs
1, Cardiac decompensation and mitral disease
2 Venular constriction
a Neurogenic
b. Histamine?
B. Increased filtering area in lungs
1. Increased blood volume
2 Redistnibution of blood
a Peripheral vasoconstnetion
C Large blood flow 1n lungs
D Lowered plasma protein level
E. Increased capillary permeability
1. Anoxia
2 Hstamine?
3. Toxing
F. Bronchospasm
II. Decreased reabsorption
A. Impaired lymphatic function
1 Elevated systemic venous pressure
2 Inflammatory thrombosis?
III. Increased total extracellular fluid volume



III. Pathologic Physiology

STUDIES OF CIRCULATION AND RESPIRATION in man during acute
pulmonary edema are scanty but are in agreement.! The cardiac
output (measured as blood flow through the lungs) is uniformly low.

Pulmonary cepillary and arterial p are variably i d;
the latter may be several llmes the normal Right-ventricular systohc
pressure is cor levated. Right-auriculer and

‘venous pressures are moderately elevated {except when shock super~
venes). The circulation time is slowed. Recorded vital capacity meas-
urements, all of which show marked decreases, are probably inac-
curate, owing to the severe dyspnea invariably present. Arterial
blood oxygen saturation is low, sometimes falling to sixty per cent
of normal The hematoerit value rises, sometimes as lgh as sixty
‘per cent; & smaller increase in plasma protein level also oceurs. The
edema fluid brought up contains about 3 or 4 per cent protein and
also varying numbers of erythrocytes.

Dyspnea

The dyspnea that occurs in patients with acute pulmonary edema
is caused by several mechanisms. The accumulation of fluid in the
interstitial tissues renders the lungs abnormally rigid; hence greater
respiratory effort is required. This difficulty involves both inspi
and expiration, but is more d in expiration because of the
loss of pulmonary elasticity that occurs; when the lungs become in-
elastic, exp:rahon necessarily becomes a forcible process instead of
one largely of rel of the i y muscles. Rigid-
ity and melastmty of the lungs nnpzm' mmng, and th:s cwrcumstance

iffusible than oxygen; hence carbon dioxide retention usually doos
not oceur.

2
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The bronchospasm that often occurs in acute pulmona.ry edemsa
causes dyspnex not only by imposing a need for i d
effort but also by causing anoxia. Lungs in which bronchnspasm is
present become temporarily emphysematous owing to trapping of
air; mixing is accordingly impaired. In severe bronchospasm the
amount of air reaching the alveoli may be diminished also.

The accumulation of edema fluid in the alveoli and airways greatly
aggravates the anoxia by preventing ingress of air. In addition,
trapping of minute air bubbles in the edema fluid results in the forma-
tion of a foam that resists expulsion.

Nocturnal Occurrence of Attacks

The fact that many attacks of pulmonary edema occur at night
(or, more aceurately, during sleep) has not been completely explained.
Several mechanisms that are important in this regard are known, but
others may operate

The circulating blood volume increases during sleep. Dunng wak-
ing hours—and more particularly if the patient 15 up and about—
the venous pressure 1s elevated above the basal level found during
sleep,™ largely as a consequence of muscular activity. The increase
in venous pressure, transmtted back to the tissue capillaries, causes
the loss of about half a Iter of flnd from the circulation mto the
tissues The muscular relaxation that occurs during sleep is accom-
panied by a fall in venous pressure, and the fluid lost returns to the
circulation over a period of two or three hours; the plasma volume
increases, the hematoerit falls, and the vital capacity decreases. In
effect, the patient gives himself an intravenous infusion during the
early hours of sleep; this may precipitate pulmonary edema if &
tendency toward the condition is present because*of some under-
lying disease.

Another factor that favors the occurrence of nocturnal attacks
is an abnormal vasomotor change that occurs during sleep in patients
with congestive heart failure or mutral stenosis.” The pulmonary
arteriolar vasoconstriction present in these conditions relaxes during
sleep, pulmonary blood flow therefore increases, whereas in sleeping
normal subjects it decreases. Thus it is evident that the relaxation of
the arterialar constriction one of the mechanisms that pro-
tect against pulmonary edema.
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A third factor is the depression of the respiratory center that oc-
curs during sleep, especially during the earlier hours. Even normal
persons show mild or moderate anoxia at such tlmes“, patients with

d pul 'y function probably develop it in more severe
degrees The fact that anoxia causes mcreased transudation from the
pulmonary capillaries is well known (page 22).

The respiratory depression that normally occurs during sleep also
causes carbon dioxide retention severe enough to cause acidosis. It
is not known whether this phenomenon contnibutes to the occurrence
of attacks of acute pul y edema in ible patients. Ani-
mals made to breathe carbon dioxide in high concentration do de-
velop pulmonary edema, but the concentrations used in experiments
with this technique were far beyond any range that might possibly
oceur 1n man, moreover, the animals rapidly became habituated to
the carbon dioxide and soon ceased to have pulmonary edema ® On
the other hand, there is cluuca.l evidence in man that suggests that
acidosis may be a ] factor in pul y edema. More
work on this problem is needed.

Fever

The devel of an ab Aly elevated is a gen-
eral indieation that heat production exceeds heat dispersal in the
body. About five sixths of the heat normally formed in the body is
ordinarily dispersed via the skin by conduction, convection, and radia-
tion, Experimental studies 10 normal persons have shown that diminu-
tion of blood flow in the skun is followed after an mterval by eleva-
tion of the rectal the of course,
falls to or toward that of the ambient aur, Cutaneous vasoconstrie-
tion occurs regularly during attacks of pulmonary edema; 1t may be
very severe In some cases In addition, eutaneous flow is slowed, owing
to an over-all decrease in cardiac output It is probable that these
phenomena are the cause of the fever that sometimes develops when
pulmonary edema persists for many hours,

Shock

A large amount of blood plasms, containing varying numbers of
blood cells, becomes incarcerated in the interstitial tissues of the
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Iungs and is exuded into the alveoli during attacks of pulmonary
edema. As much as a liter or more of plasma may be lost from the
circulation. Although the shock of acute pulmonary edema is usually
due to oligemia, other mechanisms participate in its development.
Experiments in animals have shown that severe, protracted anoxia
produces shock through some mechanisms not a3 yet completely
characterized. In addition, the shock that occurs in some patients
with acute pulmonary edema is due more to the underlying disease
—such as myocardial or pulmonary infarction—than to the pulmonary
edema itself.

Shock in pulmonary edema may be precipitated by treatment.
Morphine may create a tendency toward collapse (page 51). Tourni-
quets, ion, and positive p piration may also pre-
cipitate shock, These proced are beneficial in pul. 'y edems
because they decrease the return of blood to the heart (page 54);
in some inatances the fall in cardiac output so induced may precipitate
shock in & patient who is already somewhat oligemic and whose car-
diat output is low.

Wheezing

The hanism of the wh that
edema was studied by Weiss and Robb # These authors shmved that
unilateral novocainization of the vagus nerves in patients with pul-
monsary edems and wheezes caused the wheezes—but not the erack-
ling rales—to disappear on the side injected. These experiments indi-
cate that the wheezing is due to neurogenic bronchospasm. The

1t origin of the impulses causing the ph is pot known;
distended pulmonary blood vessels are kn0wn to actwaw vagal re-
flexes, but possibly other k are d, e~

flexes from the carotid sinuses*: ¥

Spontaneous Remissions

Nenﬂy all p: ts suffering from the t type of acute
'y edema have ion of at feast the milder
attacks such remissions may also oceur in patients who bave single

M.tacks uf the syndrome in assoc!auon with conditions such as acute
tion, hypertensive crises, or

tis,
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acute intracranial lesions. In many instances the remissions are not
spontaneous at all, but are due to the patient’s accidentally or pur-
posely instituting a therapeutic procedure without medical advice.
When a patient thh pulmona.ry edema stands up or sits with feet

the logic changes favor amelioration of
the edems; these changes are decreased return of blood to the lungs
and, after a time, diminution in circulatng blood volume (page 49),

Another mechanism may also cause spontaneous remissions. The
intrapleural pressure probably rises considerably during attacks, owing
to loss of pulmonary elasticity and to the increased force and duration
of expiratory effort. The return of blood to the heart and lungs is
regulated to an important degree by the intrapleural pressure Loss
of the normal negative pressure impedes the venous return; there-
fore the attack itself causes changes that favor cessation of the at-
tack. Obviously the circulatory changes so mduced are not always
great enough to cause remission.

Patients who eough up large amounts of sputum during an attack
are, in effect, perf on lves. This tends
to diminish the severity of the attack, although some patients die
despite the benefit of this physiologic phenomenon

Occurrence and Pathogenesis

1In the clinical li acute pulb -y edema is di d mainly
in relation to cardiovascular disease. However, there is abundant
evndence that it occurs in a wide vanety of other conditions. The
ineid of the d cannot be ly ascer-

tained. It may be present without overt signs or symptoms, occa-
sionally being revealed by chance roentgenograms. No information is
avallable about how many attacks go unrecognized. The common
finding of pul y edema at post-mortem H is diffi-
cult to relate to situations obtammg dunng life; agonal physiologic
changes cannot be cited to establish the incidence of pulmonary edema
in specific diseases. In some conditions, physiologic changes favoring
the development of the syndrome are present in only moderate de-
gree; an overt attack would not normally oceur in such cases except
for the interposition of an additional factor, such s the intravenous
administration of fluids or the development of generalized peripheral
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triction initiated, for instance, by shock. In other instances

pulmonary edema may escape detection during life or even at sutopsy,
owing to the masking effect of extensive terminal pneumonia.

Experience with acute pulmonary edema depends on the type of
clinical material encountered; to the American internist the syndrome
is largely a lication of card lar disease, whereas to the
pediatrician it is a phenomenon related to nephritis and cerebral
inflammatory disorders. Moreover, special circumstances may arise
that may not be repeated in the lfetime of a given generation of
physicians; the influenza pandemics at the end of World War I
caused a very large number of cases of pulmonary edemsa, and the
initial use of war gases at Ypres in 1915 produced 16,000 cases of the
syndrome within a few days in a small area. It is probable, also, that
other factors will modify the future incidence of pulmonary edema;
the occurrence of the syndrome in association with beri-beri may well
decrease, whereas its occurrence during intravenous infusions will
certainly increase as modern medical care becomes more widely avail-
able.

No attempt will here be made to give the precise incidence of acute
pulmonary edema in the many diseases in which it occurs.

y Arteri is: Acute pul y edema may oceur
in different circumstances in patients with coronary-artery disease.
Its high incidence in myocardial infarction is well known; probably
two thirds or more of patients hospitalized for myocardial infarction
show evidence of it at some time. The edema usually becomes overt
after the onset of the pain but precedes it in some cases. There 13 no
close correlation between the mze or location of the mfarct and the
severity of the changes 1n the lungs. Myocardial infarction is Iarge}y
o disease of the left ventricle; however, in those rare instances in
which infarction is chiefly or entirely locakized in the right ventricle,
overt pulmonary edema may also be found The pulmonary edema
of myocardial infarction may quickly become evident and as quickly
disappear; if it is prolonged in this disease the prognosis is poor.
Pulmonary edema may occur together with collapse, and may even
eause shock if prolonged; this 1s of interest in view of the fact that
the return of blood to the beart and the flow through the hings are
greatly diminished in shock. Patients with pulmonary edema asso-
ciated with myocardial infarction may never have another attack
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of the former syndrome; in other cases pulmonary edema may recur
with subsequent attacks of myocardial infarction or in association

with the develop: t of chronic gestive failure,
There are no physmlugxc data at hand that demonstrate how any
of the previously di of pul y edema act in

patients with myocardial infarction,

Attacks of pulmonary edema may occur in patients who have
coronary arteriosclerosis without acute myocardial infarction, The
attacks are ususlly recurrent and often indicate the beginning of
chronic cardiac decompensation

Mitral Stenosis: Recurrent attacks of mild or moderately severe
pulmonary edema are commen in some patients with mitral stenosis
These attacks usually occur in association with mereased pulse rates
due to exertion or emotion Blood from the lungs passes through the
mmtral valve only in diastole, incresses in the number of systoles
shorten the total duration of diastole m each minute, and therefore
tachycardia may aggravate pulmonary stass m mutral stenosis.
However, many patients with apparently severe mutral disease have
n0 attacks at all Some patients who have frequent attacks may cease
to have them when chrone congestive failure develops These facts
are incompatible with the concept that the pulmonary edema of
mitral stenosis is due solely and directly to increased pulmonary capil-
lary pressure

Considerable data is now available on the pul ircul
in mitral stenosis. There is no close parallel between the level of pul-
monary capillary pressure and the occurrence of chmeally detectable
pulmonary edema. On the contrary, in some mstances the develop-
ment of chrome congestive fallure may, despite the consequent rise
m pulmonary capillary pressure, actually prevent attacks of pul-
monary edema, through the marked decrease in pulmonary blood
flow that invanably accompanies the former syndrome This de-
creased flow is the of ve k and also of
the pulmonary arteriolar marrowing (apparently initially reflex
and later organic 1n origin) that occurs in mitral stenosis. The in-
creased rate of filtration caused by further elevation of pulmona.ry
capillary pressures is more than d for by the d
filtration due to dimunished blood flow through the lungs. It is likely
that this overcompensation 13 marked, since the rise in peripheral
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venous pressure that occurs in chronic congestive failure probably
interferes somewhat with the removal of extracellular fluid from the
lungs through the lymphatics. The inerease in cardisc output (and
in pubmonary blood flow) that ocours when digitalis is given to pa-
tients with mitral stenosis and chronie cardiac decompensation may
cause a recrudescence of pataxysmal pulmonary edema in some cases,
even though the general condition of the patient may be improved.

Pulmonary edema may also ocour in patients with mitrsl stenosis
when intravenous infusions are given too rapidly (page 45), when
isodes of pul 'y embolism occur (page 44), or when acute

ic myocarditis develops.
Aortic Valvular Disease: Patients with aortic regurgitation of
rheumatic or syphulitic origin are prone to develop acute pulmonary
edems; indeed, many patients with syphilitic regurgitation die of or
with the syndrome, Isolated aitacks may occur repeatedly in patients
with aortic insufficiency; on the other hand, one or s few attacks mey
usher in terminal intractable, progressive chronic cardiae decompensa-
tion. Qccasional patients with Lewis’s syndrome (in association with
aortic itation) i mild or mod 1y severe pul Y
edema with the sudden tachycardia snd hypertension that are char-
acteristic of the disorder. As in the case of caronary-artery diseass,
some patients with aortic insufficiency often have angina pectoris
with their attacks of pul y edema. Over-enthusiastic tment
of syphilitic aortitis may precipitate pulmonary edema in patients
who have not had it previously.

The high frequency of pulmonary edema in sortic regurgitation
contrasts markedly with its lower incidence in sortic stenosiy; at-
tacks do accur in patients with sortic stenosis, but they are Jess
prominent symptoms in that discase than in aottic regurgitation.
Angina pectons, myocardial infarction, syncopal attacks, and chronic
congestive failure itute the problems of sortic stenosis,
rather than the acute pulmonary edema often seen in sortie regurgita-

b

tion,
The cnuse of the pulmonary edema of sortic regurgitation is gen-

erally believed o be isolated left-ventrieular backward failure. AL
though this explanation s plausible, it loses some of its sppeal w}}en
the circulatory dynamice of aortic regurgitation are compared with
thase of sortic stenosis. The work of the left ventricle js increased



PATHOLOGIC PHYSIOLOGY 35

(probably by about half) in both, and the coronary blood flow is usu-
ally impaired in both; nevertheless, pulmonary edema is common in
one and uncommon in the other, These phenomena suggest that the
mechanism of pulmonary edema in aortic regurgitation is to be found
elsewhere. One possible cause is overdistention of the carotid sinus,
which has been shown to cause bronchospasm and pulmonary edema
in animals; the systolxc hypertensmn and wide pulse pressure that are
found in eortic b 1 di ion of the carotid
sinuses with every beat of the heart

Cardiac Decompensation: Many patients with cardiac decom-
pensation develop attacks of acute pulmonary edems. This state-
ment applies to patients with cardiac failure due to chronic cor
pulmonale, which imposes a greater strain on the right ventricle than
on the left.* In some instances the attacks of acute pulmonary edema
oceur with exacerbation of the generalized signs of chronic cardiac
failure and disappear when the chronic failure alone is treated. The
two chief mechanisms that favor the development of acute pulmonary
edema, in this situation are (1) dation from the pul-
monary capillaries, due to back pressure, to anoxis, and perhaps to
venospasm, and (2) dimmished reabsorption of pulmonary edems
fluid by way of the lymphatics, due to elevated peripheral venous
pressure; in addition, an increase in total extracellular water in as-
sociation with salt and water retention is an important contributory
factor. It is dufficult to state whether the occurrence of pulmonary
edema under these circumstances is due to failure of the left ventnele,
the right ventricle, or both ventricles.

Other patients who have recurrent attacks of acute pulmonary
edema may show no signs of chronic congestive failure at the time
but develop such manifestations a few weeks or months later. This
is particularly true of syphilitic aortic regurgitation but may occur
in any type of severe cardiac disease. When striking signs of pul-
monary edema oceur frequently or persistently in the absence of

of hized cardiac failure, most physicians
conclude that only the left ventricle has failed. Any such conclusion
is of doubtful validity in view of the fact that it is impossible to de-
tect emall amounts of peripheral edema by clinical means (a 30 per
eene) increase in extracellular fluid volume may escape clinical detec-
tion).




36 ACUTE PULMONARY EDEMA

It is possible that patients with recurrent pulmonary edema have
mild or moderately severe chronic congestive failure and that some
added factor, such as aortic regurgitation, with its own peculiar
mechanisms, is present, precipitating the acute syndrome, while the
more chronic peripheral manifestations slowly increase until they
become d ble at physical ination. This may be strikingly
exemplified by some patients with myocardial infarction in whom
both acute pulmonary edema and chronic congestive failure begin
together. The first is immediately overt, whereas the second becomes
evident after a few days. The edema subsides at about the time that
the chronic failure becomes detectable; this may lead to the conclusion
that failure of the right ventricle cured the left-ventricular failure—
a coneept of only superficial plausibility. It is interesting in this re-
gard that patients with recurrent or persistent pulmonary edema may
show abnormalities in blood electrolyte pattern identical with those
seen in chronic generalized congestive heart failure.®

‘Whatever the mechanisms involved, acute pulmonary edems re-
current over a penod of weeks should be regarded as an indication
that chronic congestive failure is also present, unless the patient has
uremic acidosis.

Nephritis: Pulmonary edema is so common in nephritis that
clinicians of the last century designated it as “nephritic asthom”
or “uremic asthma.” Pulmonary edema may be associated with
nephritis in vanous circumstances. Patients with acute nephritis
may have one or a few attacks of pulmonary edema; shortly after
the onset of the disease these attacks may occur spontaneously or
may follaw large intravenous infusions. Patients in this category
ususlly have hypertension, but the elevation in blood pressure 15 not
necessanly severe; an sttack of pulmonary edema may occur when
the arterial pressure is no more than 150 mm of mercury systolic
and 90 diastolic. Moderate mtrogen retention may be the only evi-
dence of renal insufficiency, and thete may be lttle or no aadosis.
Attacks of pulmonary edema that occur early in the course of acute
glomerulonephritis are rarely fatal Repeated attacks are usually as-
sociated with severe hypertension or progressive uremia. Patients
who have one or two attacks of pulmonary edema early in the course
of acute nephritis will have no further attacks during their subse-
quent lives 1f the nephritis subsides and no other disease supervenes.




PATHOLOGIC PHYSIOLOGY 37

The clinical picture of acute pulmonary edema in patients with
uremic acidosis is somewhat different. In this circumstance the at-
tacks are recurrent and often severe. However, in these patients the
edema may escape detection on physical examination, being revealed
only by roentgenograms. Patients with renal acidosis are prone to
develop pulmonary edema during even small intravenous infusions
that are given elowly; this oceurs in such patients when infusions are
given at only 3 or 4 cc. per minute, in contrast to patients with un-
complicated chronic cardiac decompensation, who may tolerate in-
fusion rates of over 20 cc. per minute. In uremic acidosis, as in other
nephritic syndromes, the level of arterial blood pressure does not
play a governing role in the precipitation of pulmonary edema. In-
deed, when patients with uremia and pulmonary edema are treated
with an artificial kidney, the pulmonary edema disappears as the
chemical disorder 1s reversed, even though this treatment usually
results in elevation—sometimes marked—of the arterial blood pres-
sure.2s. &

The ongin and i of acute 'y edema in nep
have not been elucidated. It is }} d that congesti
failure is the chief cause; this idea is based on the presence of hyper-
tension—which mey cause heart failure—and cardiac dilatation and
& gallop rhythm. This last is commonly believed to indicate some
type of cardiac farlure. However, clu'ucal experience reveals no good

lation between the of -y edema and the level
of arterial pressure in nephntis, and the mechanism of gallop rhythm
has not been established The smgnificance of cardiac dilatation in
nephntis hkewise is not clear. In some cases of chronie nephritis in
which hypertension has been present for years, it may well indicate
fatlure of the heart, but the rapidly developng cardiac dilatation seen
in acute nephritis and in some instances of chronic nephritis is not
understood The change might be merely an indication of marked
fluid and not ion of cardiac weak-
ness On the other hand, the possnbﬂxty that some electrolyte dis-
turbance might impair cardiac function cannot be dismissed.

These comments are not intended to rule out cardiac decompensa-
tion as a contmbutory cause of pulmonary edema in chrome nephritis
with uremia Hypertension, anemia, and acidosis all increase eardiac
work, and when present over a period of time they may precipitate

1 it
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or aggravate cardiac failure. On the other hand, it is probable that
retention of water and sodium and lowenng of the plasma protein
level are of greater importance in the genesis of pulmonary edema,
8t least in some cases. The extracellular fluid volume is increased in
uremis even in the absence of detectable edema.*

Evidences of disturbed function of the brain are common in nephri-
tis. Coma is regularly encountered in severe uremia, and convulsive
seizures may be seen in nephritis at any stage. The role of what for
the present can be vaguely characterized as “neurogenic factors”
should be borne in mind in this connection.

Hypertension is & cause of cardiac strain, but it must be remembered
that elevation of the peripheral arterial p may have other
effects; the possibility that it may activate reflexes initiated in the
carotid body or in the left ventricle iteelf has recently been in the
minds of some physiologists. No definite opinion can be given on these
matters at present.

E ial Hyper ion: Acute pul y edema
oceurs in patients with essential hypertension; nevertheless, many—
probably most—hypertensive patients never exhibit the syndrome,
Attacks occur much more frequently in malignant than in benign
essential hypertension; severe pulmonary edema may be the cause of
death in the malignant phase. Mild recurrent attacks frequently
usher in chronic cardiac failure in patients with hypertensive heart
disease. Elucidation of the relation between pulmonary edema and
peripheral arterial hyperoenaion itself is difficult, owing to a number
of factors. Ope is the imposgibility of establishing the p or
sbsence of associated coronary and cerebral arterial disease, either of
which may cause acute edema of the lungs. Another is the difficulty
of defining the severity of the hypertensive disease jtself; an unknown
number of patients apparemly have hypem:nsmn only when the
arterial blood is d by & The incid, of
pulmonary edema in hypertenswe patxents who have no s\gmﬁcant
coronary or cerebral arteri
or chronic cardiac decompensation has never been estubhshcd it is
prubnbly low. On the other hand, there is no doubt that the duorder
is common in patients with cardisc or cercbral damage associated with

vascular disease and hypertension.
Present knowledge does not permit detailed discussion of the mech-

1
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anisms ible for acute ¥ edema in patients with hy-
pertension; it can only be stated that the mechanisms are probably
those that operate in congestive failure, in myocardial damage, in
intracranial disease, and, in a few cases, in uremia.

Pheochromocytoma: Occasional reports describe the occurrence
of acute pulmonary edema in patients with pheochromocytoma.
No physxologxc data are available to explain this phenomenon,
Clinical si ities between ial hy ion and disezse caused
by adrenal medullary tumors der the ion thst pul-
monary edema should occur in patients with pheochromocytoma.
In addition, the fact that in this condition epinephrine and nor-
epinephrine are released into the circulation is highly significant.
‘The mechanisms that underlie epinephrine-induced pulmonary edema
have been discussed elsewhere (page 24). Here it will be emphasized
only that epinephrine causes a greater increase in the work of the
right ventricle than in that of the left® and therefore puts a greater
strain on the right ventricle. The idea that acute pulmonary edema
in pheochromocytoma is due to left-ventricular failure has Lttle to
support it.

Toxemia of Pregnancy: Pulmonary edema may occur as a com-
plication of toxemia of y. Although hy sion occurs in
this condition there is no close parallel between the level of blood
pressure and the presence or absence of pulmonary edema Among
factors to be regarded as precipitating edema of the lungs are marked
generalized salt and water retention, hypoproteinemia, and focal
cerebral lesions; the role of the hypertension itself is obscure, in view
of the general difficulty involved in describing the pathogenesis of
pulmonary edems in all hypertensive diseases. Patients who have
pulmonary edema during toxemic episodes may never again develop
the syndrome; on the other hand, some of them—those who develop
permanent hypertension as & result of the toxemia—may have at-
tacks of pulmonary edema many years later, like any other patient
with chronic hypertension,

Insulin Shock Therapy: Acute pulmonary edema may oceur in
patients receiving insulin therapy for mental diseases® These
patients have no demanstrable discose of the cireulstory system;
they have small hearts, nomml or la\v am:ml pressures, and normal
‘venous vital ion times, and electro-
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or aggravate cardiac failure. On the other hand, it is probable that
retention of water and sodium and lowering of the plasma protein
Jevel are of greater importance in the genesis of pulmonary edema,
at least in some cases. The extracellular fluid volume is increased in
uremia even in the absence of detectable edema.®

Evidences of disturbed function of the brain are common in nephri-
tis. Coma is regularly encountered in severe uremia, and convulsive
seizures may be seen in nephritis at any stage. The role of what for
the present can be vaguely characterized as “neurogenic factors”
should be borne in mind in this connection.

Hypertension is a cause of cardiac strain, but it must be remembered
that elevation of the peripheral arterial p may have other
effects; the possibility that it may activate reflexes initiated in the
carotid body or in the left ventricle itself has recently been in the
minds of some physiologists. No definite opinion can be given on these
matters at present.

E ial Hyper fon: Acute pul y edema I
oceurs in patients with essential hypertension; nevertheless, many—
probably most—hypertensive patients never exhibit the syndrome.
Attacks occur much more frequently in malignant than in benign
essential hypertension; severe pulmonary edema may be the cause of
death in the malignant phase. Mild recurrent attacks frequently
usher in chronic cardiac failure in patients with hypertensive heart
disease. Elucidation of the relation between pulmonary edema and
peripheral arterial hypertension itself is difficult, owing to a number
of factors. One is the i ibility of establishing the p or
sabsence of associated coronary and cerebral arterial disease, either of
which may cause acute edema of the lungs. Another is the difficuity
of defining the severity of the hypertensive disease 1tself; an unknown
number of patients apparently have hypertension only when the
arterial blood p is d by a physician. The incidence of
pulmonary edema in hypertensive patients who have no significant
coronary or cerebral arteriosclerosis, § d i iaf p
or chronic cardiac decompensation has never been established; it is
probably Jow. On the other hand, there is no doubt that the disorder
is coramon in patients with cardiac or cercbral damsage agsociated with

vascular disease and hypertension.
Present knowledge does not permit detailed diseussion of the mech-
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Beri-beri: A variety of Oriental beri-beri, called “shoskin,” is
characterized chiefly by the mamfestations of acute pulmonary
edema The rapid onset of dyspnea, at first without rales and then
after some hours with many bubbling rales, is vividly described in
the Oriental medieal hterature. Death supervenes within a day or
two, unless the mtnwenous mjectxon of thiamin ameliorates the at-
tack as d ically as 1ts lack i d it.

The mechani lying the production of shoskin have been
2 matter of dispute. Many Onental physicians of the early part of
this century regarded it as a consequence of neuritis of the vagus
nerve. However, a considerable increase in cardiac output was ob-
served, first by Japanese suthors and subsequently by others, in
other forms of beri-beri, patients with shoshin were too ill to be stud-
ied. In addition, a metabolie disturbance has been demonstrated in
the cardiac muscle of animals with experimental beri-beri, and some
workers have described histologic lesions in the myocardium, melud-
ing that of the left ventricle; accordingly, some authors have con-
cluded that shoshin is a form of isolated left-ventricular failure. The

hanism of the duetion of pul y edema in this disease
remains unestabhished,
Cerebral Di : The of acute pul y edema in

encephalitis, meningitis, and brain tumor is well known to pediatri-
cians, since these diseases are more frequent mn children than m
ndults,' diatric practice pul ry edema is a cardiologic problem
in only a minority of cases Schlesinger™ remewed the subjecc some
ears ago. The role of cerebral disorders in

edema in adults is not so striking, since—at least 1n New England—
isolated cerebral disorders are not 1} d by intern-
1sts One common cerebral lesion, the cerebrovascular accldent
usually occurs m wnh hy ion or with 1i
(and coronary) arteri , the pul y edema that
may occur in such patients is often masked by superimposed pneu-
monia caused by imparment of swallowing and loss of the cough
reflex. Another fairly common type of lesion that may cause pul-
monary edemsa is cerebral trauma, a condition rarely treated by
internists. Even in children with cerebral disease the etiology of the
pulmonary edema is not always clear, since some viruses that cause
disease of the bran (such as poliomyelitis) may also affect the heart
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dli The incid of pul y edema during the course
of insulin therapy is impossible to establish because of the marked
salivation and bronchorrhea that occur during each treatment. Some
patients remain dyspneic for several hours after the cessation of
hypoglycemia; in such instances evidences of marked water retention
are prorinent—increase in size of the heart shadow (though not out-
side the normal range), pitting edema over the ankles, and striking
increases in extracellular fluid volume.* Diuretic drugs quickly amelio-

rate the syndrome,
The mechanisms underlying the occurrence of pulmonary edema
in these cir are not established. Severe salt and water re-

tention is probably important in this respect. In addition, the possible
role of epinephrine in precipitating the disorder must be borne in
mind; hypoglycemia eauses incressed production of that substance.®
Patients who receive insulin therapy show no subsequent evidence of
cardiac damage and may never again have pulmonary edema.

Thyroid Storm: Acute thyrotoxicosis is less common now than
. . ’ ™ Yooty at-eourse of this

co r with acute
N o marked auto-
nomic hyperactivity, with hypertension, tachycardia, cardisc ar-
rhythmia, flushing, sweating, fever, and, in some instances, piloerec-
tion. The resting cardiac output in such cases was probably about
double the normal. The origin of pulmonary edema in this disorder,
like that of the disorder itself, is not known. For the most part, clinical
authors ascribed the pulmonary edems. to isolated failure of the left
ventricle. The unlikeliness of this event 1s suggested by the fact that
the left-ventricular work wes probably only doubled; it ig well known
that the cardize work may be much more than doubled in exercise
without producing any evidence of failure. The genera] symptoma-
tology of thyroid storm 1s that of o severe sutonomic discharge;
accordingly, the possible role of epinephrine in the genesis of pul-
monary edema in acute thy icosis should be idered. In
addition, the possibility that cardisc function may be impaired by a
metabolic disturbance in cardiac muscle cannot, be ruled out, These
remarks apply only to acute hyperthyroidism and are not intended
to dismiss the chronic cardiae d Ip ion tl}at : 1 de-
velaps 83 8 g of Jong-standing thy




PATHOLOGIC PHYSIOLOGY 43

The pulmonary edema caused by irritant gasea has been thoroughly
studied in ammals. As has been pointed out (page 22), the primary
disorder is an increase in capillary permeabﬂxty, with no change in
filtering pressure; terminally, d
changes occur. In experimental animals aud also in chmcs.l practice,
shock may supervene, presumably owing to anoxia, fluid loss from
the circulation, and, perhaps, central toxic actions of the poisonous
gases. Recovery from the pulmonary edema may be followed by
chronic bronchitis and pulmonary fibrosis, with cor pulmonale
developing much later.

Burns: Inhalation of flame (buming gases) or of air heated to
very high temperatures causes serious damage to the lungs, the
mucosa lining the airways becomes necrotic, the alveolar walls are
also injured Alveolar damage is accompanied by capillary injury;
permeability is increased and the rate of elaboration of extracellular
fluid accel d Tn addition, pal riction may oceur.?
Bronchial obstruction, caused by heaplng up of necrotic tissye and
exudate, also may favor transudation. Injury of interstitial tissue
might possibly destroy or thrombose lymphatics and thereby impair
reabsorption of pulmonary extracellutar fud.

Patients with burn wjury of the lungs usually have extensive cu-
taneous burns also, and therefore require mtravenous infusions; the
fact that these patients reacily develop pulmonary edems comphcates
the general treatment of burns

Recovery from an eplsnde of burning may leave a residue of chronic

b hitis and ] fibrosis; pul y edema does not
recur unless some new illness or severe cor pulmonale supervenes.
by in: The develop of acute pul y edema of a

non-inflammatory type may complicate pneumonia. When this oc-
curs in bacterial pneumonia it may ususlly be ascribed to pre-existing
cardmc disease (not necesaanly recognized earlier), rapid arrhythmiss,
or b The d toward pul y edema
that is caused by the increase in capillary permeability that oceurs
ininflamed areas is counteracted by the decrease 1n blood flow through
areas of consohdatmn severe pu]monz.ry edema is thereby prevented
of 1

in

tissue and damage to the contmned lymphatics are also limted largely
to the consolidated areas,
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directly; in addition, fever may play a part in the genesis of pul-
monary edema. Nevertheless, the combined evidence derived from
clinical observations in man and experimental findings in animals
establishes cerebral disease a5 a cause of acute pulmonary edema.
The physiologi hanisms involved are di { elsewhere (page
21); licated h are the cause of the cerebral

g
type of pulmonary edema, However, it is not valid to regard redis-
tribution of blood due to peripheral vasoconstriction as the principal
mechanism. Pulmonary edema may oceur with unilateral cerebral
lesions that do not cause lized i ietion,

‘The course and outcome in cases of brain damage complicated by
pulmonary edema are Jargely determined by the nature of the intra-
cranial lesion; however, pulmonary edema exerts a more or less del
eterious influence. When it is mild or only latent in such cases, it is
fikely to be brought out or exacerbated by intravenous jnfusions of
electrolyte solutions. Unilateral cerebral lesions may at first cause
unilateral pulmonary edema; after some hours the pulmonary signs
may become bilateral. The tendency toward pulmonary edema dis-
appears when the cerebral lesion heals, and it never recurs unless
some new cause develops later in life.

Yrritant Gases: Experiences during World War I forcibly called
atfention to the type of pulmonary edems not ordinarily regard
as p merical problem. The first gas attacks occurred at Ypres on
April 22, 1915, when a force of Canadians and others were gassed,
five thousand dying quickly and ten thousand others being disabled.
During that war chiorine and phosgenc caused thousands of casualties
due to pul -y edema; in addition, chlorine tself caused severe
tracheobronchitis, Actually, this type of pulmopary edema is ecca-
sionally encountered in civilian practice. The industrial use of chio~
rine creates possibilities of accidental inhalation, and in marine dis-
asters chlormne may be generated when salt water comes in contact
with open electrical instaliations. Phosgene may be formed under
some conditions when carbon tetrachloride is used for extinguishing

Sl el il deenes o€ slawting brwn,
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death. The mechanisms underlying this type of pulmonary edema are
completely unknown, however, this syndrome afiords another ex-
ample of the oceurrence of intractable pulmonary edema in patients
with right-ventricular strain,

Contusion of the Lungs: Surgeons who deal with accidental
traume are familiar with a syndrome sometimes referred to as “trau-
matic wet lung.”$ 80 Factors responsible for this are a matter for
speculation; they include 1mmobility of the damaged lung, vascular
stasis, impaired lymphatic function, and anoxa. Another possibility
to be considered is that the large amount of histamine normally pres-
ent 1n the lung may change from the bound (inactive) form to the
free (active) form, thus causing inereased pulmonary capillaty per-
meability. Intravenous infusions may precipitate or aggi pul-
monary edema in patients with pulmonary contusion

Drowning: Drowned persons probably die of acute pulmonary
edema. The bronchial flnd is found at autopsy to contain three or
four per cent protein—~an indication of increased capillary permeabil-
ity. The irntant effects of the concentrated electrolytes of sea water
are factors in some cases, anoxia is present in all.

Int Saline Infusions: It 1s well known that pulmnnary
edems, occurs during or after int: of salt sol
Normal subjects receiving fluids in amounts and at rates not exceed-
ing those used climcally do not develop pulmonary edema. Thus
infusions as large as 1800 cc. given at as much as 200 cc per minute
cause neither overt pulmonary edema nor any change i respiratory
dynamlcs suggeshve of latent edema of the lungs ® On the other hand,

ion of such ions at the usual chmcal
rntes of less than 5 or 10 ce. per minute may precipitate pulmonary
edema in patients with various cardi , Tenal, pul Yy
cerebral, or hypoproteinemic syndromes, fever should perhaps be
added to this lst. It is interesting that some such patients develop
pulmonary edema half an hour or an hour after the infusion,

An explanation often advanced to explain the occurrence of pul-
monary edema during or a.fter salme infusions is that the solution
overloads the pul 'y bly raising capillary
pressure to a point at which transudation occurs. This concept has
nothing to supportit. The addition of 5 or 10 ec. of solution per minute
into blood flowing through the lungs ¢ about 5 iters per minute could
hardly have any effect unless the saline accumulated in the pulmonary
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The oceurrence of edema of the lungs is more common in viral
than in bacterial ias; this is especially true of infl 1
ia, in which pul y edema may be the cause of death,
Viral pneumonias involve pulmonary interstitial tissue extensively,
and the possibility of damage to lymphatics should therefore be
considered. This factor is difficult to evaluate, especmuy since myo-
cardial and pericardial infect i oceur in p of
this type. The mechanism of the pulmonary edema of vn'al pneumonias
cannot be defined.

Patients who recover from & viral pneumonia and its associated
pulmonary edema do not ever again have edema of the Jungs, nnless
some new disease supervenes.

Pul y Embolization: Pul y edema often occurs
shortly after pulmonary embolization. The signs of the edema may
be unilateral for some minutes or longer and subsequeutly become
bilateral. These signs may be minimized in some instances by the
depression of diaphragmatic motion that is caused by psin. The
symptoms may be overlnoked “hen mild or when overshadm\ed by
some other, more d ations of emboli

The depresslon of pu!monary monhty that often follows pulmonary

ly

to some extent. In addi-
tion, bronchospasm, reflex in origin, may be widespread, it may ac-
celerate the rate of transudation from the pulmonary capileries
mto the parenchyma. Anoxia may have similar effects. Other reflex
not yet established, might cause vasomotor changes in

the lungs or elsewhere and thereby influence the development of
pulmonary edems. in this synd For evample, pul y embo-
lism may perhaps csuse reflex constnetion of the coronary arteries.
The left-ventricular-failure theory of pul y edema 13 contras
dicted by the fact that the latter occurs n patients with pulmonary
embolization who show the electrocardiographic signs of right-ven-

tricular strain
The pul y edema of p bolzation usually is not

severe, responds quickly to mlmne treatment, and does not recur.
Thoracic Deformities: The chief cardiovascular manifestations
oi severe thorscic deformsty arve cardiae archythmis snd chronie
1 le Anoth d very rare—syndrome that occurs with

v:hest deformity has been studied by Chapman et al%; this is the
sudden development of pulmonary edema with rapid progressmn to
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Blood and Plasma Transfusions: Infusions of plasma rarely
cause pulmonary edema and do not aggravate it when 1t is present,
even though they “overload the circulation” several times as much
as does the same amount of isotonic saline solution®* In those rare
cases in which edema of the lungs does occur, it must be remembered
that plasma usually contains a Jarge amount of sodium—twice as
much sodim eitrate asis found i the same volume of blood. Excessive
amounts of sedium may be received when patients are given unusually
large infusions of plasma. This complication is most likely to occur
in patients who are anuric because of shock and are therefore unable
to excrete sodium,

Transfusion of mismatched blood may eause acute pulmonary
edems, after as little as 100 cc. has entered the circulation, Trans-
fusions received in rapid succession from several different donors

favor its The mechanism of this type of pul-
monary edema is unknown, It rarely constitutes a grave complica-
tion, and responds fairly rapidly to ordinary measures.

Febrile Diseases: Pulmonary edema may be encountered in
many febrile diseases. In most cases the edema is a terminal event
end therefore difficult to interpret, in others, the seat of inflammation
may be heart, lungs, or bra.m, a.nd the mechanism of the a.ssocmbed

i y edema is d d above in
with diseases of those organs In sddition, however, the unexpected
occurrence of edema of the lungs in some patients receiving ordmary
amounts of isotonic saline solution intravenously suggests that fever
itself may favor 1ts occurrence, Increased blood fow due to fever
might act in this fashion when a well marked tendency to pulmonary
edema is already present. For the most part, however, unexplained
edema of the lungs in patients who receive intravenous saline infu-
sions during a febrile illness apparently develops during the chill
Phase of the febrile reaction. Intense peripheral vasoconstnction, in
which the lungs do not participate, oceurs in this phase.? This phe-
nomenon impauwrs the normal distribution of the injected fluid in the
vascular bed, and pul y vascular may be precipi-
tated, Peripherally-acting vasodiator drugs might be helpful i this
disorder, which is rarely serious.

Drug Intoxicati The phar logie li tains many

fe to the devel of pul y edema in animals ag

noted in studies of toxicity of various drugs. Similarly, it is reported
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capillaries; it is unlikely that such an accumulation oceurs, since the
increase in blood volume is distributed throughout the body™
except in the presence of marked systemic vasoconstriction {as in
shaek ar the chill phase of fever). It is not eredible that the left ven-
tricle of & patient destined to develop pul y edems during an
infuston can pump 5 000 liters delivered to it per minute but not 5.003,
or that the extra 0005 liters per minute accumulates minute by
minute. The blood flow through the lungs is incressed by more then
that amount during slight movements in bed, or after ingestion of &
small amount of food—and these factors rarely cause pulmonary
edems by themselves, It is not 1ugxcs.l to believe that pulmonary
edema {ollowing intravenou: i3 due to left jeul

failure; actually, the strain on the right ventricle is the greater #

The following mechanisms, which are known to favor pulmonnry
edema in animals, probabt operate in pati
hypoproteinemia that develops owing w hemodﬂuzmn“ incrensed
pulmonary blood flow due to incressed right-auriculsr pres-
sure‘ 2.3, glightly mcreased pulmonary capillary pressure™;

y lymph tion due to elevated peripheral
ven cns 4 ond d puk extraceliniar-ii water
assocxat,ed with a generalized mcrease in the body as a whole.

The last factor requires some elaboration. Saline solutions given
intravenously leave the circulation slowly.st Half or three quarters
of an hour usually elapses before this process is completed (approx-
mately the time after infusions at which some patients develop pul-
mopary edema). Solutions of sodium chioride remain in the extrs-
cellular compartment for the most part and therefore accumulate in
collagenous connective tissue, The lunge are second only to the skin
in their percentage content of collagenous tissue; accordingly, a large
saline infusion probably iroposes a greater burden on the lymphatics
of the lungs than on those of most other txssues (cumneous lymphutw
activity has been shown to i fter in

Pulmonsry edema doea not occur in normal subjects recemng
infusions 8 lcng 25 the rate of pulmonary transudation does not ex-

N eatltiav-
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t other than di of the infusion.

require no t



IV. Treatment

ANALYBIS OF DATA derived from both physiologic experiments and
chnical observations does not permit the formulation of a valid uni-
tary theory of the etiology of pulmonary edema. Future studies may
reveal that a single mechanism is basic to the syndrome in all diseases
in which it occurs; until that time, however, it must be assumed that
all methods of treatment are largely or entirely symptomatic.

Observations in animals show that, irrespective of the cause of the
pulmonary edema increased flow into or decreased flow out of the
lungs i or agg the synd and that the reverse

1 it. Bronct increase in total body water,
elevation of peripheral venous pressure, decrease in plasma oncotic
pressure, and rmoxia aggravate it in animals. Attempts at direct
reversal of these p logic aberrations i the basis of some
of the thempeuhc measures currently used in the dlsnrder—pamcu-
larly those used for t. In addition, Yy
depressants have proved beneficial in man and animals. The physio-
logic principles underlying have been analyzed and docu-
mented elsewhere.!

Position

Most patients with acute pulmonary edema prefer to sit or stand,
because of orthopnea, This has led some physicians to insist rigidly
that all patients with the syndrome assume some such position.
Recommendations concerning this matter should not be arbitrary
but should vary in accordance with certain physiologic principles.

Orthopnea is always an indication for the upright position, if only
for the amelioration of dyspnea. In some cases, impairment of respir&-

tory function 1n L anoxia In
tients with pulmonary edema, merely sitting up ln bed probably does
not decrease pul y blood flow suffici

tion from the pulmonary capillanes, the decrease in cardiac output
and pulmonary flow that occurs when normal subjects it up in bed

49
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that pulmonary edema has been found in man, both clinically and at
autopsy, in association with a wide variety of toxic agents. Toxic
injury to brain, heart, or lungs may explain these findings in some
cases, In other conditions, such as the pulmonary edems of opium

isoning,¥ other hani may be involved, In this disorder
severe anoxia i I y capiliary p bility, and respira-
tion is depressed almost to the point of extinction, with resultant
impairment of lymphstic function; fluid sccumnlstes in the jungs
even though the patient has an excessive amount of morphine in his
systers.

Shock: Shock itseld, of whatever origin, seems to exacerbate or
even precipitate pulmonary edema. This is clearly seen in myocardial
infarction, in which edema of the lungs may be intractable but dis-
appests when shock has been alleviated.* The mechanisms responsible
for the edema include capillary damage due to anoxia and redistribu-
tion of blood owing to peripherai striction. Other mechani
probably operate also, since patients with traumatic shock have overt
pulmonary edema only infrequently. However, when these patients’
blood volume and filtering pressure are raised by means of infravenous
infusions, pulmonary cdema often appears.

Summary

Btudy of the etiologic {actors inted with the ) or
aggravation of pulmonary edema in man reveals nothing tbat con
clusively establishes any one theory of ite origin and pathogenesis.
Physm!og)c a.nalyms of the various pl

and fete at present; however, it is
vahd snd useful to explawn the syndrome simply as 8 disorder in which
the rate of tmnsudat\on from the capiliaries overwhelms pulmonary
hatic f ded that the hani that produce

thls xmbalance are kept in mind.

The chnical phenomena of pulmonary edema sttongly suggest that
the prognosis of individual attacks and the subsequent course of the
disorder are largely determined by the nature of the underlying dis-

case,
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Morphine

Morphipe aborts most mild attacks and many severe attacks of
pulmonary edema. The dose in adult patients is usually 15 mg. given
subcutaneously or, if the patient is in shock, intravenously. Patients
with diseases that increase sensitivity to morphine should receive
smaller doses, i e., 5 to 8 mg. or, in extreme cases, none at all; these
conditions are severe renal insufficiency, severe pulmonary disease,
acute cerebral disorders, hepatic insufficiency, and primary or sec-
ondary (hypophyseal) hypothyrmdxsm The drug is contraindicated
for patients with very severe pul iency and
hypoxia and hypercarbia; even slight depremon of respiration may
be fatal in such cases

The mechanism through which morphine benefits pulmonary edema
is not known. In the doses used it causes no change in cardiovascular
dynamics in recumbent or sitting patients (unless the legs are de-
pendent), its only effect on respiration is to restore it to about the
level extubited before the attack, although in some instances respira-
tion may be abnormally depressed for half an hour or so after injec-
tion. The fact that the drug alleviates anxiety in connection with the
syndrome is difficult to interpret; there are no data that show whether
it acts primanly on the feeling of mmety or pnmanly on the pul-
monary edema (with of all in-
cluding the anxiety). Ptesumably the drug acts to relieve pulmonary
edema through interruption of reflex arcs; however, there is no proof
of this.

The use of morphme may have untoward effects. The possibility
of d; of ion has been noted above. In addi-
tion, it sometimes causes severe vomiting, which may be uncom-
fortable—and even dangerous in some cases. Itching is another
mmoying effect. The drug may also cause severe constipation, and
in elderly ren with en]arged prostate glands it sometunes prec!pxtates
urinary ob ion. It is not suffici d that
may have a hypotensive effect in subjects stting with legs dependent;
the drug may precipitate collapse in pstients mamntained in this
Pposition. Morphine also inhibits the action of mercurial dwreties in
some unknown fashion; moreover, by raising the cerebrospinal fluid
pressure, it hat retards the di: of pul y edema
in some instances.
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is not found in cardine patients and probably does not aceur in ps-
tients with pulmonary edema caused by disease of other organs.

On the other hand, sitting with feet dependent does diminish pul
monary blood flow; in this position pooling of blood in the legs occurs,
fmd in addition the stasis and elevated venous pressures that develop
in the legs cause increased transudation into the tissues in these
aress. Decreases of 400 or 500 cc. in circulating blood volume have
been found after this position has been maintained for fifteen ar twenty
minutes. Still-standing also has this effect, probably to a more marked
degree. Still-standing and sitting with feet dependent have praved
helpful in ameliorating pulmonary edema; sitting up in bed with
legs extended probably benefits dyspnea only, without § ing the
severity of the edema itself. There is nothing to indicate that any
particular position precipitates pulmonary edema, although if the
patient Yies down after securing relief by sitting or standing up the
edema may reeur.

‘The tendency to develop shock that is latent in every patient with
pulmonary edema may beeome overt if the patient is made {o sit
with legs dependent; this ph is ipitated by the de-
creases in venous return and arculating blood volume that always
oceur in these positions, Patients who show overt shock shoutd lie
fiat without piliows. This position usually does not aggravate dyspnes,
since the clouding of the sensorium that occurs in shock diminishes
awareness of all sensations. The flat position of course rules out the
benefit that might be derived from sitting with legs dependent; on
the other hand, shock is more likely to be fatal than is uncomplicated
pulmonary edems, and therefore its treatment takes precedence
over that of the pulmonary syndrome.

Patients who are coughing up lstge smounts of frothy sputum
should lie flat on one side or, preferably, with bead and shoulders
hanging over the edge of the bed, in order to facilitate drainage from
the flooded airways.

Patients definitely prefer to be near open windows during attacks
of pulmonary edema. Thia p may be psychol perhaps
based on & desire for unlimited quantities of fresh air. On the other
hand, impaired temperature regulation due to intense cutaneous
vasoconstriction increascs dyspnea {or at least hyperprea); cooling
of the skin msy relieve dyspnen somewhat. An oxygen tent is helpful

in this respect.
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in plasma to supply the needs of the tissues for that gas without
deoxygenating hemoglobin,

High concentrahons of oxygen—that is, over 20 per cent—m the
inspired air are irritating and cause of hial secre.
tions. Atelectasis is thus favored, and may be aggravated by the
washing-out of nitrogen from the alveoli. Obstructed alveoli that
contain nitrogen collapse to about four fifths of their volume as the
other gases in them are sbsorbed into the blood, whereas alveoli
devoid of nitrogen collapse almost completely when obstructed, since
10 non-absorbable gases remain in them. Oxygen in }ugh concentra-
tions also hasa i effect of unk ism. During
administration of the gas in such ions the natural
mechanisms are depressed; hence collapse may occur when the oxygen
is stopped.

Aminophylline

A

phylline given i ly is effective in zeute pulmonary
edema, In fact, it is preferable to morphine when it is not possible
to dufferentiate cardiac asthma and bronchial asthma. The dose is
250 mg., dissolved in 10 cc. of water, given intravenously in about
five minutes; injections given more rapidly may be dangerous. The
usefulness of the drug 1s hmited by the fact that it may become in-
effective when given several times 1n the course of a day or two.

Aminophylline given by rectum in doses of 1 gm. at bedtime may
prevent nocturnal attacks of pulmonary edema for long periods of
time. It cannot be given orally in doses large enough to be useful in
this condition because it produces gastric irritation.

The favorable effect of aminophylline is due to 1ts action in dilating
smooth muscle. This the reflex h of pulmo-
nary edema (which may be present even though no wheezes are au-
dible), thus improving respiratory efficiency. In addition, the relaxa-
tion of bronch lessens t dation from pub 'y capil-
laries (page 23). The drug also dilates eonstricted venules and thereby
lowers filtering pressures in the pulmonary capillaries It likewise
reduces penphers.l venous pressure, accelerating reabsorption of

via the lymphatics and reducing the cerebro-
spinal ﬂmd pressure. It has a mildly diuretic action, but this is too
weak and too slow to affect acute pulmonary edems sigmficantly.
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Synthetic substitutes for morphine, such as Demerol, are usually
as effective a3 morphine itself; occasionally, however, they are demon-
strably less effective in corresponding doses.

Morphine may be used to prevent nightly attacks of pulmonary
edema; it should be given orally in doses of about 15 mg. at bedtime.

Barbiturates
.? dividual attacks of pul vy edema are sometimes completely
relieved after 1 admini; on of barbi This effect

oceurs 5o irregularly that it is of little value in clinical usage—ex-
cept, perhaps, in hypersensitive patients who have severe untoward
reactions to morphine or its substitutes,

Oxygen

If oxygen is given by mask or nasal catheter at about 6 liters per
minute, suitable concentrations are maintained in the inspired air—
that is, concentrations of forty to eighty per cent, depending on the
device used. Oxygen tents, which have the advantage of cooling the
patient but are cumbersome to use, require much more oxygen.
Oxygen not only partly relieves the dyspnea of pulmonary edema
but also, by relieving anoxia, reduces the rate of transudation from
the pulmonary capillaries.

Oxygen may be harmful when given to patients with chronic cor
pulmonale; it may also have harmful effects in any patient if admin-
istered in ively high ions. In cor pulmonsle, the
antecedent physiologic pattern consists in hypoxic stimulation of
respiration in patients whose respiratory centers have become in-
sensitive to carbon dioxide through long-continued severe hypercarbia;

dmini: ion of oxygen hypoxic stimulati
and the consequent depression of respiration greatly increases the
amount of carbon dioxide in the blood. Severe carbon dioxide acido-
sis develops, and with it coma or psychosis, Another mechanism that
aggravates this acidosis is the loss of the buffering action for carbon
dioxide transport of reduced hemoglobin; this is due to the diminu-
tion of reduced hemoglobin that results from administration of ex-
cessively high concentrations of oxygen; enough oxygen is dissolved
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rectal temperature; the fever stimulates the respiratory center and
thereby tends toi: mcresse hyperpneu However. this increase is masked

by the simul us y activity that accompanies
the relief of the edema. Tourmquets on the extremities hmm an antl-
duretic effect, through mechanisms not yet letel,

decreased cardiac cutput may be & factor in this phenomenon.

Venesection

Removal of about 500 cc. of blood is often beneficial in pulmonary
edema, particularly in those patients who are relieved by application
of tourniquets but in whom the edema recurs after the tourniquets
are removed.

Venesection decreases the blood volume for some hours, or until
the deficit is restored by entry of fluid from the tissues into the circu-
Iation. Another immediate effect of the procedure is reduction in
venous return and hence in pulmonary blood flow; the systemic
venous pressure and, secondanly, the cerebrospinal fluid pressure
fall. The mechanisms of both the beneficial actions and the untoward
effects of venesection resemble those of the use of tourniquets.

Positive Pressure Respiration

Positive pressure respiration is now less widely used than formerly
1 the of acute pul -y edema Its beneficial action de-
pends on elevation of pressure in the airways, which raises the intra-
thoracic pressure and thereby decreases the venous return. The cardiac
oatput falls, but the right and penpheral venous
tise. Maintaining elevated peripheral venous causes loss
of fluid into the tissues throughout the body, and the circulating
blood volume consequently decreases. It is evident that the eﬂects

of positive preva.ure 5 largely ble those of
and tourni dingly, the mech of both the beneficial
actions and the d effects of the d ble those of

other metheds for reducing the return of blood to the lungs. There
are certain differences, however, positive pressure respiration raises
lymphatic and brospinal fluid because it i

pressure in the right auricle and the great veins. For this reason the
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The drug may have deleterious effects under certain conditions;
these effects also are due to its action in dilating smooth muscle.
Relaxation of arteriolar and venular smooth muscle in the peripheral
vascular bed may increase venous return and cardiae output so greatly
a3 to precipitate anginal pain or even myocardial infaretion in patients
with coronary sclerosis. More severe peripheral vasodilatation may
bring about pooling of blood and thereby cause collapse or even
death, Excessive vasodilatation will be avoided if the drug is not
injected too rapidly.

Tourniquets

Application of lusi tourniquets to all four extremities
often reheves pulmonary edema, even in patients in whom morphine,
oxygen, and aminophylline have no great overt effect. Tourniquets
should be applied at pressures that irapair blood flow from, but not
into, the extremities—that is, at pressures well below the arterial
systohc When the edema has been relieved, they should not all be

ly, or pul 'y edema may recur; they should
be taken off one at a time at intervals of about ten minutes. Tourni-
quets should not be used on patients in shock.

Tourniquets act by reducing the venous return to the heart and
thereby the inflow into the lungs tbe rate of transudation from the

! 'y capillaries is di: e peripheral venous
pressure proximal to the tourniquets falls, and the reabsorption of
\l d via the lymphatics is thereby accelerated.

Y
The fall in venous pressure is followed by a decline in cerebrospinal
fluid pressure, which also may be beneficial s The high filtering pres-
sures and local anoxia induced distal to the tourniquets combine to
elevate the rate of transudation from the capillaries into the tissues
of the extremities. The total circulating blood volume decreases by
half » liter or more; this ensures that the beneficial effect will con-
4.

tinue even after the t i have been
The lowered venous retum and cardiac output caused by the apph-
cation of i i shock, or agg it if it is

already present; the reductwn of blood volume caused by the use of
D blood

tourniquets lerates this ph
flow in the extremities may impair heat dispersal so far as to elevate
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lized signs of overt cardiac decompensation may be relieved of their
recurrent attacks of pulmonary edema by dxgltal:s alone, there is no
clinical evid or that bhishes its
value in the pulmonary edems of cerebral Jesions, uremia, or pul-
monary infarct or in that of some pstients with marked mitral
stenosis. The routine use of digitalis in the treatment of all types of
pulmonary edema is not indicated, although attacks that occur during
the course of chronic congestive failure are often reheved by intra-
venous administration of the drug in some rapidly acting form.

The chief use of digitalis in pulmonary edema is not in the treat-
ment of acute attacks but rather in the prevention of recurrent
attacks Attacks recurring for more than a few days nearly always
indicate chronic congestive heart failure (including eor pulmonale)
or uremic acidosis; the latter may be complicated by cardisc decom-
pensation precipitated by the anemis, acidosis, and hypertension
commonly essociated with it. Full digitalization, using any form of
the drug, usually prevents the recurrence of attacks of pulmonary
edema caused by chronie congestive heart failure. The drug may not
have this effect 1n some patients with mutral stenosis, in these patients
the resultant increase in pulmonary blood flow may aggravate the

edemsa despite the simull lowering of pul 'y capillary
pressures.
‘The mechamsms of the beneficial action of dlgxtal.\s include Iuwered
i} y caplllanes, ipheral veins, 1
fluid, and hatics, these d dation from

pulmonary capillaries and accelerate reabsorption of edema fluid
In addition, a diuresis in patients with chronic congestive failure
decreases the body’s total extracellular flud volume, pulmonary
interstitial fluid accumulations may also be carried off in this way.

Mercurial Diuretics

Mercurial diuretics are of little use in the treatment of an acute
attack of pulmonary edema, their action does not commence for
several hours after ijection, and they do not selectively remove
locahzed eollections of edema. They cause a relatwvely slow diminu-
t1on in total extracellular water, including that in the lungs. Mercurial
diuretics, like digitalss, are useful in the prevention of recurrent at-
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procedure i3 sometimes less effective than tourniquets or venesection
in ﬂ}e trestment of acute pulmonary edema. In nddition, it eauses
respiratory obstruction that may aggravste pulmonary edems®

dnti-Foaming Agents

There is ample evidence that inhaling alcoho! in Jow concentration
ameliorates pulmonary edema. Indeed, this procedure is sometimes
helpful when the previously discussed methods have failed. It is
believed that the alcchol acts through its well known property of
preventing foaming in fluids that are rich in colloids~in this case,
the edems fluid. Other substances may prove more efficacious in
this respect.” In the case of alcohol, at least, other mechanisms also
appear to act, since inhaling it may relieve bronchial asthma®; how
it sets in this situation is not known. In addition, the peripberal
vasodilating effect of aleohol, which favars increased cutfiow from
the lungs, may be of benefit in acute pulmonary edema.

Adrenolytic and Ganglion-Paralysing Agents

Animal experd have d d that these drugs are effec-
tive in some types of pulmonary edema, chservations in man are
fragmentary but encouraging ™ These agents lower arfemal pressure
and increase pulmonary cutflow by way of peripheral vasodilatation;
in addition, they may possibly lower pulmonary capillary pressure
by relaxing constricted pulmonary venules Lowered pesipberal
venous pressures probably favor reabsorption of pulmonary edema
fluid by reducing lymphatic y Studies of cardi tar dy-
namics in huran subjects receiving these agents are incomplete Pul-
monary vasodilatation may occur when the drug is given intrave-
nously® Peripheral vasodilatation™ % may be an important beneSicial
factar, since it canses peripheral pooling in the upright position.

Sympathetic blockade may in the future ploy 8 prominent part in
the treatment of acute pulmonary edema.

Digitalis
Digitalis has no favorable effect on the cireulation in patients who
do not have congestive heart fatlure, Although patients with genera-
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Extrarenal Dialysis

The pulmonary edems associated with uremic acidosis is often
rebeved by extrarenal dialysis. The mechanism of this effect is un-
known; in such instances pulmonary edema usually regresses with
1o definite change in blood volume and despite rises in arterial pres-
sure—often pronounced—induced by the artificial kidney.?. %

Spinal Anesthesia

Spinal anesthesia may relieve pulmonary edema. This procedure
lowers arterial and pul y vascular and d pul-
monary blood flow, it also probably induces peripheral pooling of
blood.®

Treatment of Shock

Shock and pulmonary edems most often occur simultaneously in
patients with myocardial infarction, they may also oceur together in
pulmonary infarction and after trauma to the brain or Iung. The com-
bmauon of shock and pulmonary edema complicates therapy and

di a poor hine is often ineffective in such cases,
but 1t should be given in appropriate dosage except in patients with
brain damage; it can do no harm and may do good. Oxygen is at
least th ically helpful. Aminophyline usually has no lasting
beneficial effect and moreover may aggravate shock. Positive pres-
sure respiration, tourniquets, and venesection may also worsen
shock Adrenolytic or ganghonic blocking agents are alsa likely to
have hypotenswe effects. Digitalis is of no beneﬁt m the absence of

ized cardiac d ared
in oligemnc patients An extensive published study® indicates that
the general outlook is grave 1n such cases but pulmonary edema may
be ameliorated when ghock can be controlled by means of plasma
infusions or pressor drugs; the infusion of plasma and the induction
of increased arterial pressure do not aggravate pulmonary edema.

Summary

Specific recommendations cannot be made for the treatment of a
syndrome whose mechanisms not only are various but largely remain



58 ACUTE PULMONARY EDEMA

tacks of pulmonary edema in patients with chronic cardise decom-
pensation. The hazards associated with their prolonged use—namely,
chloride and sodium deficiencies—are well known; the st is con-

trollable by means of tum chioride and the sccoxzd by avmdzmce
of ive salt restriction. Op the day p of a
mercurial diuretic, 2.0 gm. of jum chloride should be given

gaur t:u:nes; this schedule should also be maintained on the day of the
injection. The preferred dose of the mercurial diuretic is 2 cc., given
intramuscnlarly,

Salt-Depleting Procedures

Sodium-depleting procedures, such as the use of a low-galt regimen
or of exchange resins, are important in the prevention of recurrent
attacks of acute pulmanary edema but have no place in the trestment
of isolated attacks. Patients usually eat poorly during attacks and
for some time afterwards, at any rate. The effect of a salt-depleting

d on bodily extracellular water does not become evident for
some days, by which time the attack of pulmonary edema is past.

Feratrum Derivatives

Hypertensive crises of various types, including those associated
with toxemia of pregnancy, usnally are quickly relieved by the
injection of veratrum derivatives. The pultmonary edemas that may
oceur with such disorders is likewise ameliorated by the drug. The
action of veratrum is complicated; it activates receptors in the myo-
cardium and reflexly induces hypotension, bradycardia, and slowed

pu'atwn (lhe von Bezold-Jan.sch reflex); the pulmonary blood
flow is dimi d. A of the action of the
drug is a fall in cerebrospinal ﬂuld pressure. It is not clear exactly
how the drug works to refieve pulmonary edema, but the fall in ar-
terial and cerebrospinal fluid pressures and in pulmonary blood
flow are beneficial in this respect.

In the treatment of bypertensue erises with pulmonary edema,
the drug of choice is p ; the ded initial dose
is 0.1 mg. given intravenously in three minutes, followed if necessary
by 0.02 mg. given intravenously every ten minutes until remission

occuss.
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undefined; therapy is necessarily empirical for the most part. Oxygen
has theoretical and clinically demonstrable value. The striking bene-
ficial action of morphine—the drug that controls most attacks of
pulmonary edema—cannat be explained. Animal experiments sub-
stantiate the clinical impression that, irrespective of the etiology of
the syndrome, factors that decrease inflow into the lungs or increase
outflow (by peripheral vasodilatation) are beneficial but may also
precipitate or aggravate shock. One exception is pulmonary edema
complicated by shock in myoeardial infarction; in this situation,
factors that work in opposite directions may relieve both the pul-
monary edema and the shock together. Aminophylline is usually
beneficial but may be harmful if injected too rapidly, and when in-
jected repeatedly it becomes ineffective. Anti-foaming agents seem
to be highly effective and will probably become increasingly promi-
nent in the g b of i ] ry edema. Interrup-
tion of vasomotor and other reflexes by means of specific blocking
agents will also become more widely practiced; blocking pulmonary
reflexes may prove more important than blocking those of the pe-
ripheral circulation

The prevention of frequently recurrent attacks of the syndrome
involves the treatment of chronic cardiae decompensation; ureric
pulmonary edema is not likely to be benefited, however. Nightly
attacks may be aborted by oral morphme or rectal ammophylhne.

The use of the therapeutic d here is )
attended by remission of the syndrome However, a disappointingly
large number of patients fail to respond gatisfactorily, Because
knowledge of the disorder is still incomplete, its treatment requires
close observation of the patient, understanding of the mechanisms of
therapy, and avod of rigid routin pecially those based on
a priori theories.
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