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Preface

ECOGNTFION OF THE EXISTENCE of pulmonary circulation preceded Iarvey's
discovery af the total cirenlation of the blood by almost a century. But
although 400 years have passed since 1t was first described, our knowledge of
the pulmonary circulation is still far from complete The growing realization
of its significanee in many diseases of the heart and the lungs has provided the
jmpetns for numerons studies of its physiolagy, anatomy, pathology and patho-
logic physiology. But even today, damage to the pulmonary arteries is often the
limiting factor in the correction of congenital and aequired heart disease The
surgeon may repair a heart lesion assoctated with pulmonary hypertension only
to see his patient die becanse of irreversible damage to the pulmonary vascular
bed Resection of a lung, or a part thereof, 15 often limited by the state of the
pulmoenary vasculature In many nomsurgical conditions pulmonary hyper-
tension with resulting obstruction of the vascular bed, or disease of the
vessels from other causes, is the prineipal eause of death.

Many aspects of the pulmonary cireulation still await clarification. We
know that the pulmonary arteries in the fetus have relatively heavy muscular
walls and that sometime after birth the vessels ehange when the media thin
out and the vessels gradually take on the adult form. But this change does
not oceur if lgh arterial pressure m the pulmonary cireuit persists after
birth, and eventually some of the branches become ohstructed by intimal
proliferation Lattle is known ahout the time sequence of these changes, the
rate at which they develop 1 variable, but the eauses for the vamation have
not yet become clarified Ts the vaseular disease associated with hypertension
resulting from mitral stenows similar to that seen in eongenital heart discase?
Is the pulmonary hypertension seen in pulmonary emphysema similar to that
in heart disease? To what extent will pathologic changes in the arteries regress
1f the cause of hypertension is removed ! To what extent will drugs modify the
Pulmonary ereulation? These and many other questions have been raised by
physicians

Physiologists and pathologists are devoting increased effort to their search
for the answers to the practical questions and to gain a general understand-
ing of the lesser eireulation In this they have been aided by many new meth-
ods physiological, pathological and radiol 1 t 0 have been devel-
oped rapidly and have been used on normal subjects, on patients and on
animals And yet, some of the results have been eonfusing, for different meth-
ods seem to yield different answers

Because of the urgency of the situation the Chicago Heart Association de-
eded to sponsor an international conference on the subject It was felt by the
committee in charge of the event that knowledge of the subjeet would be
greatly enriched 1f 1t were made possible for a group of active investigators
to express their concepts, to yresent resulfs of their recent researches and to
discuss their experiences with each other. A conference was held at the

xm




xiv PREFACE

Palmer House in Chucago on March 20, 21 and 22, 1938, and this volume is its
result There is little doubt that thesc proceedings will be of interest to all
students of the pulmonary eireulation and also to physieians who face prac-
tical problems of diagnosis and treatment in the field,

The conference was an unusual one inasmuch as it was “‘closed’’ in the
sense that participation in the discussion was restricted to the mvited sym-
posium members and a very small number of guests, but ‘“open’” 1n the sense
that there was a large audience—a very enthusiastic and attentive one. The
conference was divided into five half-day sessions. The morning of Thursday,
March 20, was devoted to the physiology of the pulmonary cireulation, the
afternoon to the pathology of the pulmonary circulation. On the morning of
¥riday, March 21, the topic was the pulmonary circulation in primary lung
disease, and in the afternoon the pulmonary circulation in congenital Ix(’art
disease was disenssed The closing session, on Saturday mormmng, March 22,
was devoted to the pulmonary eireulation in acquired heart disease

No attempt was made to cover all phases of the subject or all diseases which
involve the pulmonary eirculatton Emphasis was always placed on new
knowledge and its significance and mterpretation Obviously the subject
matter did not lend 1tself to a division as elear-cut as is indicated by the titles
of the sessions However, the emphasis on the various categories was always
maintamed and the different sesstons approached the same subject from dis-
tinctive ponts of view

Two committees of the Chicago Heart Association jomned in formulatmg the
idea of the conference They were the I'rofessional Education Committee and
the Postaraduate Education Committee Dr Lows N. Katz, who was the
president of the Heart Association during the earlest planming stages of
the conference, gave his vigorous support to the idea and appointed a speeial
commuttee for its development This committee, composed of Chicagoans,
selected Dr. Julius Comroe, Jr, Dr Jesse Edwards, Dr. Lars Werko, Dr.
Howard Burehell and Dr Paul Wood as the chairmen of the five sessions
Five members of the Chieago Planning Committee were ehosen to serve as €o-
chmirmen In addition to arranging their own sessions the charmen collabo-
rated with the local committee in the general planning and organization of
the sympostum The Chicago Heart Association owes these men a large debt.
of gratitude for their enormous contribution to a truly sueeessful meeting

Dr André Cournand also deserves special thanks Following a dimmner held
on the evening of Thursday, Mareh 20, he presented a brilhant historieal
review of the subject which appears as the first chapter of thts volume.

Many of the papers and discussions were profusely illustrated with <hdes
The essayists were most helpful in reducing the number of illustrations so
that a volume of reasomable size could be achieved. The editors, however,
must bear the onus for further deletions It is hoped that these deletions have
not seriously impaired the clarity of the presentations For reasons of space
the editors also found it necessary to abbreviate some of the discussion. This

may have dinunished some of the spontaneity and inadvertent humor of the
meeting but it doubtless added to 1ts conciseness
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The Heart Association and the symposium committee acknowledge the
faithful attendance and active participation in all sessions by all of the par-
ticipants. The staff of the Heart Association contributed ahove and beyond
the call of duty. Appreciation is alvo due our Publisher, Dr Henry M Stratton,
who attended the symposium and gave us much valuable advice for its
publication

If the understanding of pulmonary circulation has been advanced by this
symposium and if 1t provides the impetus for further study on the subject,
the efforts of all those connected with 1t are amply rewarded,

Wriant R. Apams
Irza Verrn
Chicago, 1958






1. TUE HISTORICAL DEVELOPMENT
OF 'THE CONCEPTS OF PULMONARY
CIRCULATION

By Axori: COURNAND

ccorpING to reliable authorities, it 15 a sign of age when an investigator
A chonses to fook backward rather than forward In order to dispel any
such thought from the minds of my Iriends here, 1 <hould 1ike 1o examine at
the outset my reasons for selecting a hustorieal subject for this after-dinner
speech Did I wish to demonstrate my curiosity, or was T moved by the vain
desire to appear before you as a scholart Did I seck satisfaction of a purely
aesthetic pleasure related to the re-exammation of old modes of thought!?
Unless T delude myself, a more profound urge guided my choice, a youthful
urge, if T may say o, in which can be discerned the following expressions of
cultural and human and personal interests: To apprehiend the progressive
conquest of knowledge in it actual state and thereby give a logical form to
intellectual genealogies, to establish a censns of epnstemological obstacles
which have been surmounted ; to identify mysclf with other human beings who
have spent a vast deal of energy on matters in which excellence iz diffienlt
to achieve and which procure moments of serenc satisfaction rarely indeed;
to seareh for flawy 1n the reasoning and 1n the techniques of men who are
considered admirable; to understand the period m which they Iined, nnd the
circumstances leading to their «cientific achieyements and to their progress in
knowledze or in techmique, more urgently, to hecome aware of the impact of
philosophy, dogmatism and authonty upoun the fruits of free inquiry.

In this maod, I shall now present some remarks on the historieal develop-
ment of the concept of pulmonary errculation, limiting my subjeet to the
following three topics

1 The progressive claboration of the concept of forward movement of the
WBlood through the lungs from the right to the left veutricle,

2 The gradual unieiling of the object served by the blood in transit
through the lungs

3 The earhest and sigmficant acquisitions coneerning the dynamics of the
puimenary eirculation

Progressive ELaBorATION OF THE CONCERT OF Forwarp MovEsENT
oF Broon Timoven Tue LuxNes
The progressive elaboration of the concept of unidirectional movement of
Dlood from the right to the left ventricle extends from the second to the mid-
dle of the seventeenth century Four contrasting and strong personalities
exemplifying man in search of truth eontributed mostly to the exact deserip-
1



2 PULMONARY CIRCULATION
tion of the forward motion of blood in tranwit through the lungs: Claudins
Galen, Michael Servetus, William Harvey, and Marcello Malpighi

Claudiws Galen Born in 130 A.D. in Pergamum, Asia Minor, Galen came to
Rome 1n 161 by way of Smyrna, Corinth and Alexandria In the Capital of
the Roman Empire, then at the zenith of its power and splendor, he became
the private physician of, and was befriended by the Emperor Marcus Aurelius,
like him, a stote philosopher, and an ardent Hellenist,! John F. Fulton, m the
first chapter of hus scholarly and eloquently moving monograph on ““Michael
Servetus, Humanist and Martyr,’’ 2 has coneisely analyzed the contribution
of Galen to the physiology of the nervous system and of the circulation, There
he gives great eredit to some of Galen’s inspiring experimental neuro-phj sio-
logic studies 1n man and n pigs; and he wonders why, when it came to the
vascular system, ‘‘lis keen intuitive sense forsook lim ** I should hke to
present a less severe pont of view and to empliasize the valuable part played
by Galen m the thscorery of the true passage of bloods through the lungs.

He commenced the discovery by refuting the doctrine of Ernstratus Ac-
cording to the latter, a member of the famous Alexandrian School, the cireu-
Iation as we know it now, was divided into two distinet systems separated in
the heart by a septum which presented pores: (1) a venous or sanguinous
system through which blood, moving by ebb and flow, was eventually carmed
to all viscera and to the extremities and (2) an arterial or acrial system of
channels through wlich air drawn by the trachea artery into the lungs
reached the left ventricle through the venous artery (pulmonary vetn) and
was finally distributed to the body

Galen’s refutation 15 fundamentally based on the experimental demonstra-
tion that arteries contam blood His permanent contribution to our knowl-
edge of the pulmonary circulation may be stated briefly and in modern lan-
guage as follows- (1) The blood moves fornard from the pulmonary artery
mto the lungs and thence into the pulmonary veins and the left ventricle,
{2) this unidirectional transit of blood 15 favored by respiratory movements
and by the presence of valves at the orizin of the pulmonary artery; (3) two
distinet bloods exist, the spiritual and the venous one wlieh has, the other
whiel has not been purified by respiration, the first formed in the left ven-
triele and distributed through the arteries, the sccond formed m the liver and
found 1 the vens and the right ventiicle This separation of the two kinds of
blood within the two ventricular cavities of the heart led him to the much
heralded postulation of small invisible pores through the interventricular
septum  Through these holes some blood was exuding and a certain propor-
tion of spirit reached the right ventricle, the venous system and the pul-
monary artery, and added a 1ital property to the natural or nutritine prop-
erty of the venous blood Compounding this erroncous view, Galen thought
also that the blood 1n the pulmonary artery was nourishing the Jungs

We may well wonder why a man justly acclaimed as the founder of practi-
¢al modern anatomy and experimental phystology should have assumed the
existenee of pores, even of pores too small 10 be vimble. In his seholarly
article on “‘Golen’s view of the vascular system, in relation to that of
Harvey,"”” Prendergast 2 demonstrates with the aid of texts that the postula-
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tion of septal foramina was the of a purely 1 view coneern-
ing the activity of the heart and of some anatomical considerations related
tn the size of its four orificcs. The argument, somewhat specious, runs as
follows: the size of the pulmonary artery orifice through which blood leaves
the right ventricle is smaller than that of the tricuspid orifice; therefore,
when the leart contracts, some blood must he foreed out through the small
pits or depressions of the septum; the supposed mnverse disparity hetween the
ize of the aortic and mitral orifices would seem to Tend corrohoration to this
conclusion These pits were therefore not fortuitous arrangements but had
developed neeording to a design and in order to serve a purpose. Here, we
abserve the evils of a certain form of teleological rensoning m an intellectual
mant, whose plilosophic, seientifie, historieal and medical output adding to
500 treatises, of which 123 lave survived fire and destruetion, is the culmi-
nation of all antigque knowledge

Nevertheless, the invisible pores, together with all the theories propounded
by Galen, became the officinl medieal doctrme of the Chureh which, built en
the runs of the Roman Empire, had necessarily recourse to dogmatism and
authonty in its aveess to and maintenance of power Iromeally, winle some
of the errors in reasonming of Galen endured, the objective creations of this
stoie philosopher, the deseriptive anatomy and expernuental physiology, re-
wamed dormant fou nearly 1,300 yeurs,

Michael Scrvetus, Let us now jump over this interlude and meet Michael
Servetus*4 (fig 1), a scholar of the early Renaisance n revolt against
dogma and the blind aceeptance of the official interpretation of iblical texts
A theologian who eould not find any support for the Doctrine of the Trinity
n the Greek and Hebraie hibles A philosopher, mfluenced by the resurgence
of the platome school in Florence, who believed that all forms of human
knowledze theology, philosophy, psyehology, anatomy, physioiogy, mathe-
maties, geography, astranomy and astrology with cach of wiuch he was person-
ally familiar, were ultimately to be unified in one smgle coherent system of
the Universe, not only penctrated by Reason as the Stoies held, but by a
ereatine dynamic energy, the very bemg of the Creator who infuses all wath
lus spint A Christian, with reverence and love for the supreme harmonious
being, who fought for the return to a simple faith, that of the early Christian
Era A man of mdomitable courage and absolute intellectual integrity, forth-
nght in the expression of his views, uny felding in matters which he considered
to be the truth, who thereby had few devoted friends and made many enemies
A martyr who 1 his final agony on the stahe spole lus mnermost, uncom-
promising belief that Jesus was the son of the eternal God, and not eternal
himself

The life of this prominent figure of the sixteenth eentury, spent n great
part in Frauce, 1s almost a continuous flight From the provinee of Navarre,
m Bpain, where he was born, in 1517, we follow lum ta Villanueva, nhere he
was reared, to Toulouse where he studied law, to Bologna in Ttaly where he
dejectedly attended the coronation of Clarles V of Spam by Pope Bomface
VI, to Basel where he studied Aryanism, to Strashourg where in 1531, at the
age of 20, he published hus treatise on the errors of the Trimity, to Basel
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Fi¢ 1.—Portrait of Michael Servetus. Frontismece of the book, Hunted Iferetic, by
R M Bainton 4

agan where he assumed the name of Villanovanus, in order to hide from and
to escape the Inquisition, to Paris where hie taught mathematies, to Lyons
where he met s friend the physician, Symphorien Champier, edited anew
the Geography of the Ptolemees, and created comparative geography, and
again in Paris by 1537, where he started to study medicine under Dubois,
Fernel and Guenther, to learn anatomy by dissection as the collesgue of
Vesalius, where he wrote on sy rups and medical astrology and fought with the
Dean of the Medical Faculty. This lonely man, never sceure, finally settled as
a physician near Lyons, in the town of Vienne There he praeticed 12 years,
apparently content, but, in <ceret, writing the book which made his name
jmmortal but also was the eause of his arrest by the Inquisition on the denun-
eintion of a friend of Calvin, Eseaping from prison, he took flizht to Geneva
where, while attending chureh on a Sunday morning, he was recognized, expe-
ditiously Judged and burned at Champel, October the 27th, 1553.

We now open one of the three remaining authentic copies of his baok,
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Christiamsmi Restitutio, printed with no indication of author, publisher or
place in 1553, This copy (fig 2) preserved at the Bibliothéque Nationale in
Paris, was once in the hands of Colladon who helped his friend Calvin,
throughout the tral of Servetus in Geneva It was saved from the pyre at
Champel but suffered later from the effects of moisture. Browsing through
Chapter 5, we reach page 170 and 171 (fiz 3), and read there 1n a few sen-
tences, luminous and concise, an almest complete and exact deseription of the
pulmonary eirculatton The English translation from this Latin text, given
underneath, follows very elosely the French version of the physiologist, Marie
Jean Prerre Flourens,” with liere and there direct quotations from Reland
Bainton’s authoritative book on Michael Servetus, Hunted Herctic:*

#“{The passage of the blood from the right to the left ventricle)—does not
take place through the median partition of the ventricle as is generally sup-
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Fic 3 —Fages 170 and 171 of the copy of the Chrtstrantsms Restitutio, contammg the
deseription of the pulmonary eirculation,

posed, but by an elaborate deviee the refined blood 1s driven from the right
ventricle of the heart over a long course through the lungs, where 1t is pre-
pared and made flavus—bright or yellow—and thence passes from the arterial
1em (pulmonary arfery} into the venous artery {pulmonary vein)—et a vena
arteriosa m arteria venosa transfunditur—*'

“‘In order to understand how this communteation takes place throngh the
lungs, we must learn the eonncction, the multitude of umons of the arterial
svem with the venous arteriosa 1n these lungs This view of the manner of
communieation 15 confirmed by the Caliber of the Arterial Vein (Pulmonary
Artery) which would not be so large nor carry such an amount of hlood to
thie lung 1f nutrition alone was to be provided for, especially since in the
embryo the lung 15 nourished through other channels, and this blood does
not redch it — It must then be for another purpose that the blood is sent in
such abundanee from the heart to the lungs immediately after birth; more-
over, it is not simply air, but air mixed with blood which is <ent from the
lungs to the heart through the pulmonary vein, <o that the mixture takes place
in the lungs The yellow color 1v given to the spiritous (arterial) blood by the
Iungs and not by the licart In the left ventricle, there 1 no place large enongl
for ~u copious a mixture, nor is that elaboration sufficient for the bright tint
Moreover, the middle wall, since it Jacks erifice, is not suitable for this eom-
munication and elaboration
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The question has been ramed in connection with this text whether Sersetus
enjoys a complete priority for the discovery of the pulmonary circulation
With the help of a few quotations from Bainton’s book, this question may he
partly answered. “Ylere, as so often in the history of science, independent
investigators came upon the same truth almost enineidentally. There ean be
no rivalry between Servetus and Columbo, the other contestant, for it has been
establishied that neither knew the discovery of the other. In so far as the an-
nouncement, there is no problem at all "4 Indeed, Servetus’ text dates back
to 1553 whereas Columbo’s De Ite Analomica was pablished in 1359 Further-
more, with regard to the time of the observation, Bainton, m a short and
searching paper,® has given convincing proof that a manuseript in the Bibilio-
théque Nationale (fig 4) containing the passage on the pulmonary transit of
Dlood iy most probably a faithful copy of an earlier draft whicl we know to
have existed 1 1546, a copy of which had been sent then to Calvin who never
returned it. Ironieally, T raise the question whether somehow Servetus' elaim
to fame was unwittingly consolidated by his tormentor

There is another claim te priority, impossible to ignore on the basis of
chronology, but somewhat disputable on the bawis of 1ts significance In 1922,
an Egyptian medieal student, Muhy1 el-Din At-Tatawi, found 1 the Prussian
state Library, a text in Arabie, of the commentaries of the (Yanon of Avicenna
by a Persian philosoplier, philologue and phyxician, Thn an-Nafis who lived in
Alexandria during the thirteenth eentury In 1924 he pubbshed part of this
text, in lus thesix for the degree of Bachelor in Medieme,” which reveals that
Ibn an-Nafis had rejected Galen's coneept of the permeability of the inter-
ventrieufar septum two centuries before Michael Servetus, Vesahus and
Columbo, and had alse claimed that the neration of blood took place m the
lungs Mowever, 1n hus rather confused test, which can be read alse m the
German translation by Max Meyerhof* the Persian scholar does not call atten-
tion to the s1ze of the pulmonary artery and le asserts that some of the blaod
serves to nourish the lungs ““was aber davan als wenig gelautert zuruck
Vlewbt, das verwended dir Lunge zu threr Draahrung *” Nevertheless, 1t has
been ascertamed that Servetus had no knowledge of his Arabie predecessor ®

A question more 1mportant than the prionty of the discovery probably
looms large n your mmd Why these two pages of anatomte and physiolagie
description 1 a boek devoted to the return to true Chrtiamity? Baintont
has given an attractive answer to the question, but I doubt that this is the
place to review his theologeal argument of which T shall eite only the conclu-
sion “‘He who really understands what 15 mvelved in the breatiung of man,
has already sensed the breath of God, and thereby saved lus soul ’ Obviously,
respiratory physiologists can count themselves among the ¢hosen ones!

For over a century, the deseription given by Servetus of the pulmonary
eirculation remained unacknowledged for fear of the Inquisition, and buried
n the only three copies of his book which escaped destruction by fire Then
m 1694, William Walton mentions, i his book Reflections on Ancient and
Modern Learning,™® that hie had a transeription of the pawage which I have
read to you, from an English surgeon who had obtammed 1t from an unnamed
friend Three years later, in the second edition of the same book, Walten -
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eseription of the pulmonary creulation

posed, but by an elaborate device the refined blood s driven from the right
ventricle of the heart over a long course through the lungs, where it 1s pre-
pared and made flavns—bright or yellow—and thence passes from the artertal
vem (pulmonary artery) mto the venous artery (pulmonary vein)—et a vena
arter1osa 1n arteria venosa transfunditur—""

“‘In order to understand how this communication takes place through the
Iungs, we must learn the connection, the multitude of unions of the arterial
vein with the venous arteriosa mn these lungs This view of the manner ot
communication 1s confirmed by the Caliber of the Artertal Vein (Pulmonary
Artery) which would not be so large nor earry such an amaunt of blood to
the lung 1f nutrition alone was to be provided for, especially <ince m the
embryo the lung 1 nourished through other channels, and this blood does
not reach 1t — It must then be for another purpose that the blood is sent in
such abundance from thie heart to the lungs mmmediately after birth, more.
over, it v not simply air, but arr mised with blood which 15 sent from the
Jungs to the heart through the pulmonary vein, so that the mixture takes place
in the lings The yellow color 1 given to the spiritons (arterial) blood by the
lungs and not by the heart In the left ventricle, there 13 no place large ennugh
fur <o coprous a nuxture, nor 1 that elaboration sufficient for the brizht tint
. the muddle wall, since it lneks orifiee, is not suitable for this com.
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the fact that the vem-hke artery and likewise the ventriele are always full
of blood which must have come to them through the veins and by no other
path than an intrapubmonary one.”” So much has been written about Wilham
Harvey during the past yem and so well, that the task of discussing what is
original, about hin contributtion to the deseription of the pulmonary circula-
tion, is neither easy nor inspiring, 1 shall, however, try my hand and do it
mostly in quoting relesant sentences translated from his celebrated book 1t

To begin with, Harvey used all the known resonrees of the statie art of
anatomy to demonstrate that the blood moves in one direction and could not
move otherwise. e interpreted the role of the “‘elegant and contrived valves
and fibers nnd other structural artistry of the heart,”” following or elaborating
on the teachings or writings of the great anatomists of the Itahan school,
Vesaliny and Fabriews

Then, he mtroduced an entirely new eoncept, that of the kineties of blood
motion. *‘The pulsation of the right ventricle (alternatively tension and con-
traction) forees the blood out of the chamber and propels it through the
artery-like vemr in the lungs * He also recogmized the additional action of
the breathing lungs, their *‘rise and fall, movement that necewsitates the
opening and elosing respectively of the porosities and vessels ’’ He further-
more emphasized that in all the anmimal world the presence of the right ven-
tricle is always associated with that of lungs. ““Nature where she ordamed
that the same blood should pereolate the lungs saw herself obliged to ereate
another ventricle, the right '’ He alse diselaimed that the pulmonary blood
was merely used for the nutrition of the lungs ‘‘It 14 altogether incongruous
to suppose that the lungs need for their nourishment so large a supply of
food, so pulsatorily delivered ™’

Finally, he did concerve of the pnlmonary passage as an essential part of
the total cirenlation, one through which all the blood returning to the vena
cava from the arteries was propulsed into the left ventrele, dwstributed to
the arteries, and so on, during hfe

In reading agamn recently the translation by Kenneth J Franklin of the
De Motu Cordis ! 1 could not fail to evoke the names of Franess Bacon and
Gallleo who were his contemporaries and who may well be eonsidered as the
mtellectual patrons of Harvey Of tlie former, he was the physieian, to the
teaching of the latter, he certamly attended during his student days n
Padua 12

Do T delude mywelf 1n considering that the method used by Harvey in his
demonstration of the eireulation was recognized by Bacon and appears as the
sum of mductine and deductive reasomng eontinnally controlled by exper:-
mentation? Not a single link 15 mrssing between the postulation, the affirma-
tion and the demonstration, and for the demonstration he liad recourse to all
the resources of his imaginative mind. of his power of observation, of his
amazing knowledge of the amimal kingdom

From whom but Galileo could he have borrowed the notton of cireular
moyement, of the kineties of motion, of quantitative demonstration?

Nevertheless, the ereator of Lemodynamie thinking was not a respiratory
physiologist B A Young m his Harvelan Oratio of 1939 13 may have made a
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Fia 4+ —A page from a man pt in the I Nat; le, I’ans, written prohably

around 1546,

dieates that he saw and read the original manuseript now at the Bibliothéque
Nationale in Pars, then m the possession of the Landgrave of Hesse,
Wilham Harvey Thus, Harvey, whose contribution to the discovery of the
pulmonary circulation we shall now discuss, vould not be accused of plagia-
rism on that account. Furthermore, he did not fail to acknowledze, 1 Chap-
ter 7 of the De Mot Cordis' the very shillful and learned anatomist,
Colombo, who was “convinced of the truth . . , of the pasage of Hhood through
the lungs . . . from the size and structure of the vessels of the lungs, from
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the faet that the vein-like artery and lthewise the ventricle are always full
of blood whieh must have come to them through the vems and by no other
path than an intrapulmonary one.”” Ko mueh has been written about William
Harvey during the past year and so well, that the task of discussing what is
original, about his eontribution to the deseription of the pulmonary ereula-
tion, is neither easy nor inspiring. I shall, however, try my hand and do 1t
mostly in quoting relevant sentenees translated from lus celebrated hook ¥

To begin with, Harvey used all the known resources of the statie art of
anatomy to demonstrate that the blood moves in one direction and could not
move otherwise. He interpreted the role of the ‘“elegant and contrined valves
and fibers and other struetural artistry of the heart,”” following or elaborating
on the teachings or writings of the great anatomists of the Italian school,
Vesalius and Fabricius

Then, he mntroduced an entirely new concept, that of the kineties of blood
motion *‘The pulsation of the right ventricle (alternatively tension and con-
traction} forces the blood out of the chamber and propels it through the
artery-like vein in the lungs >’ He also recognized the additional action of
the breathing lungs, their *“‘rice and fall, movement that necessitates the
opening and closing respectively of the porosities and vessels '’ He further-
more emphasized that in all the animal world the presence of the might ven-
triele is always associated with that of lungs ‘‘Nature where she ordained
that the same blood should percolate the lungs saw herself obliged to ereate
another ventricle, the mght '’ He also diselaimed that the pulmonary blood
was merely used for the nutrition of the lungs ‘It 15 altogether incongruous
to suppose that the lungs need for their nourishment so large a supply of
foed, <o pulsatorily delivered ”

Finally, he did eoncerve of tlhe pulmonary passage as an essential part of
the total eirenlation, one through which all the blood returning to the vena
cava from the arteries was propulsed into the left ventricle, distributed to
the arteries, and <o on, during hfe

In reading again recently the translation by Kenneth J Franklmm of the
De Motu Cordis* I could not fail to evoke the names of Franeis Baeon and
Galileo who were lus contemporaries and who may well be eonsidered as the
mtellectual patrons of Harvey Of the former, he was the physieian, to the
teaching of the latter, he certamly attended during his student days mn
Padua 12

Do I delude myself i considering that the method used by Harvey in hs
demonstration of the eirculation was recognized by Bacon and appears as the
sum of inductive and deductive reasomng contmually controlled by experi-
mentation? Not a single link 15 rissing between the postulation, the affirma-
tion and the demonstration, and for the demonstration he had recourse to all
the resources of his mmaginative mind, of his power of ohservation, of his
amazing knowledge of the amimal kingdom

From whom but Gahleo could he have borrowed the notion of circular
movement, of the kineties of motion, of quantitatine demonstration?

Nevertheless, the ereator of hemodyname thinking was not a respiratory
physiologast R A, Young 1n lus Harvelan Oratio of 1939 '* may have made a
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gallant effort to show that Harvey was concerned with the interrelation be-
tween respiration and circulation Indecd, one can read in the Praclectiones
that “‘life and respiration are convertible terms,”” and in marginal note of
the same Praclectiones the question, * Why and how air 15 needed by animals
which breathe? and alwo air is necessary to a eandle and to a fire . . . It is
true also that in a letter dated 1651, he modified his views on the cooling
effect of the respiration upon the blood Nonetheless, his views on respira-
tion still remaned those of Galen; and if he had some doubts, they could not
be dispelled in his time for lack of proper chemical knowledge

In eoncluding this too brief account of the role of Harvey in the elaboration
of the concept of the pulmonary cireulation, I shall finally comment that he
suspected that minute vessels could be found connecting the arteries with the
veins, thus closing the cirele With regard to the lungs, he speaks of the blood
becoming diffusely distributed within the porosities of the lung parenchy ma
Four years after his death, the last Ik, the capillaries, were discosered

Marcello Malpighi. With Malpighi we meet a physiologist who apphed a
new technical device, the microscope, to many physiological problems and ex-
hibited in his studies not only an unusual technieal ability but also a consid-
erable amount of ingenuity in the experimental desizn While holding the
chair of Theoretical Medicine at the University of Pisa, he formed a close
friendship with Borelli, a member of the famous Accadema del Cimento, a
mathematician who had become interested mn physiology, which according to
lum constituted a branch of physies To this famous man he addressed, 1n
1661, two memorable letters,** a recent translation of which we owe to James
Young % In these letters Malpight *‘put a few httle observations that might
increase the things found out about the lungs’’ These ‘‘little observations”
were no less, no more, the first description of the air sacs in the lungs of a
dog, and of the pulmonary capllaries of tortoise and frogs, “‘the whole race’”
of the latter, he jokingly claimed to “have almost destroyed ” We may well
admire the technical ability and the ingenuity which he displayed in observ-
mg with i mieroscope the movements of the blood m the tiny vessels of
Iining frogs while the heart was beating, and in exanuning after lizature of
the pulmonary veins their extirpated Iungs, turgid with bleod and diied m
that state

In elosing this fasemating chapter, may I point out another rony of fate
The letters addressed by Malpight m the most humble way to lus friend,
whose “‘authority and contrivance’” he believed ““would bring truth and dig-
nity " to lns observations, brought to the sender everlasting fame. The concept
of jatromechanies 1 physiology, of which Borelli became an exponent, is now
completely discarded and never led to any discovery ¢

Tie FuxeTioy SErvep BY THE PULMoNARY CIRCULATION

The true object served by pulmonary eireulation is our next concern. We
have noted earlier the persistence until Harvey’s death of the antique belief
that breathing cooled the blood and that the inspired air supplted the arterial
blood with something undefined but essential to the mamtenance of life This
t‘something’’ was not isolated until the end of the eighteenth century. Dut
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during the years immediately following Harvey’s death, a famous Dritish
~cientist, Robert Boyle, with the teehnieal help of his brilliant assistant Robert
Hooke, demonstrated experimentally that some substance in the inspired air
was essential to hfe 171* Robert Hooke furthermore, after mventing the first
artificial ventilator, was alle to maintain life in dogy by insuflating air into
their lungs, held inflated aud motionless by an ingenions contrivance.'® He
demonstrated thereby that respiration was not dependent cssentially on the
movements of the lung.

Richard Lower Inspired and adsised by Hooke, Richard Lower, a native of
St Tudy in Cornwall, repeated thewe experiments and extended their sigmfi-
eance. The account of his experiments on the dogs with open chest were pub-
Yished 1n 1669 in his book Tractatus De Corde *® Of this book, Flonrens® has
satd that it is **short, full, exeellent’’; of Lower himsclf that **he is one of
the finest minds ever devoted to physiology,”” and I may add, in unison with
J F Fulton,? the first of many distingnished Oxford physiologists The proof
was gnen by him heyond any doubt that the funetion of the pulmonary ecircu-
fation 18 the arterialization of the venous blood. This, Lower established by
observing the change in the color of the bload under the immediate influence
of ventilation The experiments were many and conclusive They were based
on the mamtenance or withdrawal of artificial ventilation, the closure or the
opening of the trachea, the eollapse and re-expansion of the lungs, the trans-
fusion of venous blond through the ventilated lung of a dog recently killed

Joseph Priestley One hundred and fifteen years later, a British parsen,
Priestley, the ereator of gas ehemistry, explained the change of eolor in the
blood by assuming that the venous blood contained a mysterious principle, the
phlogiston, which on reaching the lungs was changed to the dephlogisticated
arr of the arteries In the spring of 1771 he had isolated the principle, present
1m the common air, which caused this transformation, but nusteok 1t for laugh-
mg zas Shortly thereafter, on March 8, 1775, he had effectively produced
oxygen by heating mereury red oxule and demonstrating it to he *‘better”’
than common air mn sustaimng life m mice However, ““his blind adherence
to the phlogiston theory mn spite of his own effective diseovery of oxygen .
shows the hold that one coneeptual scheme may have on the mind of one
insestizator ' 22 With all the facts at hand, Priestley was not able to give a
vorrect interpretation of the phenomenon of respiration, and to solve the
riddle of combustion by demonstrating that oxygen was a constituent of the
atmosphere

Antoine Laurent Lavorsier This achievement, one of the decisive steps n
the history of biological and chemical seiences, is to the eredit of the French
chemist, Lavoisier IIs research, pursued m twenty short years between 1772
and 1792, built the foundation of modern cliemistry To be sure, in recogniz.
ing in the atimosphere hoth an active mas and an mert one, he recenned directly
or indireetly valuable hints from Priestley, benefiting also from ““the mmprove-
ment 1 communication among scientific men, which made seience more and
more of a co-operative effort 22 In May 1777, Lavoisier communicated to the
Académie des Sciences the results of accurate and convineng observations



aQ
32 PULMONARY CIRCULATION

which demonstrated the complete analogy between respiration in animals and
chemieal combustion - 22

“‘On one hand,” he wrote, *the eminently respirable arr is absorbed (dur-
ing mspiration) and on the other, the lungs give off the chalky aeriform acid
(€0,), equal mn volume >

In the same report, he suggested that the red color of the blood was due to
tire ““combination of the respirable gas (oxygen) with an animal hquor!’' In
1780, m eollaboration with Laplace, the future author of the Celestial
Mechames, he created precise ealorometric methods; from them they con-
clud:d, ““Respiration 15 a combustion taking place in the lungs, the heat
resulting from 1t 15 communieated to the blood and by it to the entire anunal
system.””

It is only 1 1837, and 1843, that Gustav Magnus,2* by comparmmg O, and
€O m the arterres and veins assigned fo the body tissues their proper role in
combustion and chspelled the error made by the French scientists

Although tempted to elaborate on the circumstances of the brilliant life and
epoch-making seientific output of Lavoisier, 1 shall eut short, as indeed did
the guillotine set m motion by Coufinhal, the president of a revolutionary
tribunal who, during the Terror, sent him to his death at the age of 50, with
the alleged remark that ‘“The Republiec has no need for scientists ” Times
have changed!

To conclude the chapter of the arteriahization of the blood we have to wait
for the drcovery of hemoglobin by Otto Funke in 1851; % for the observation
by Lothar Meyer, in 1857,%¢ that oxygen 15 not held m simple solution, and
finally for the demonstration of the loose combmnation of oxygen with hemo-
globm by Hoppe Seyler 1n 1861 %7

THE BARLIEST AcquisiTioN CONCERNING THE DYNAMICS OF THE
PrrafoNary CiRCULATION

We now reach the muddle of the nineteenth century. Under the leadership
of Magendie, phystology had freed itself from the hold of metaphysical con-
cepts, and at last was developing experimental methods and instrumentatron
based on sound scientifie prineiples

Carl Luding In his Frankfurt laboratory, Carl Ludwiz, in adding a float
(1847) to the U mercury manometer developed by Powsewlle m 828, had
perfected a untque tool which enabled the circulating blood to record 1ts own
mean pressure Shortly thereafter, m 7852, his pupil, Beutner 2% recorded
pressure 1 the pulmonary artery of dogs This preparation required the
opening of the chest and the msertion of a canula after higzation of one of the
two man branches of the pulmonary artery From his measurements it im-
mediately became apparent that the blood pressure in the pulmonary cireula-
tion was much lower than that in the systemie eireulation Thr, experimen-
tally, confirmed the hypothesis advanced n 1733, by Stephen Iales,® namely
that on the basis of the respective thickness of their muscular walls, 1t could
be deduced that the right ventricle had to do less work in order to .e,iect blood
into the pulmonary circulation than the left ventriele had to do in order to
eject the same quantity of blood into the aorta Among many other proofs of
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the genius of the clergyman of Teddington, T may recall alsa nt this time, that
he measured, by direet observation, the rate of blaad fow in the pufmonary
capillaries of the frog and lad suzgested that the blood must trnerse the
Tunes wath “yastly greater rapidity than throngh ather parts of the hody.””

Auguste Chanvean and Fules Harey Liet me turn ion to the early story of
another tool, the cardine catheter, whieh enabled two French phyiologists,
Chauvenn and Marey, to meavure bload pressure i the pulinonary eirentation
of an infact animal Ranee I hove acymred prejudiee veganting this tool, my
account may well be samewhal Yengthy,

Chawsean, Professor of Veterinary Medicine m Lyans, in 1856, in collabo-
ration with Faivee, had measured mean pressure in the pulmonary ariery
of the horse wath 5 trocart amnd found it in be hall that in the carotud artery
He kuew well that the heart rate i this full-gronn anmal 18 very slosw (from
0 to 40 pubatiens per mwinute) which freibtated obvervations of the contrac.
tion of each chamber JMarey was 8 young and brrlbiaut Paroasn physician,
who subeeribed enthustastieally to the then greaing concept that expern-
mental plosiology 1 one of the keys to the understonding of patheloment
phenomenn e had already deviced wstraments for the graphie registration
of nlogic phenomena They both Joined their eflarts in order to ettle a long
eontroversy concerning the eause and fumng of the eardae apex beat M It 1
not known, nor does it matter, whieh of the two asocuites sugpested the intro-
duction, by way of a peripheral vein €1n this case the external jugular}, of a
eatheter wathin the nght heart eaities of ap intaet unanesthetized horse. Nor
can we gather from thesr pubheations who decrgned the double lumen cathe-
ter {fig 3) wath its two dustal orsfices 32 em apart (For the purpose of com-
parwson, the double lumen cardie catheter wwed pow m human subjects 1
ittastrated in figure 6)
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After connecting the two proximal orifices of the air-filled catheter, with
an appropriate manometrie device, also air-filled, Chauveau and Marey regrs-
tered simultaneously the pressures which develop within the right auricle and
ventricle during the cardiac eycle By modern standards, acceptable records
of right intra-auricular and ventricular pressure pulses (fig 7) were simul-

Fro. 7 —Sumultanenus recording of Moad pressures an the left atriwm and nght ventricle
and of the apical beat

taneously secured while the cardiae apex heat was recorded through a mano-
metric eapsule inserted within an intercostal space Analysis of these tracings
enabled them to d rate that the beginning of the apex beat coineides
with the early systolie rise in the right ventricle after the auricular systohe
wave was completed In order to make their demonstration even more con-
vineng, they also performed the first recorded eardiac catheterization of the
left ventricle by the arterial route For this purpose they developed a special
catheter with which they secured pressure pulse tracings of the left ventricle
simultaneously with pressure pulses in the right heart cavities and with the
apex beat (fig 8)

Before leaving the subject of cardiac catheterization in the horse, I should
like to make several further comments

First, the average fizures given for right atrial, right ventricular and left
ventricular systolic pressures were respectively 25, 270 and 1280 mm Hgs
these figures are remarkably consistent with those obtained more recently in
dog and in man, using our present more accurate methods

Second, the safety of the technique was emphasized. For the sake of the
worrying physicians, and also of the antivivisectionists, T am quoting a foot-
note in the book, La Physiologie medicale de la circulatton du sang, written
by Marey in 1863: # “‘One can be assured of the harmlessness of this method
b‘y examiming the horse, who 1s least disturbed, walks and eats as usual In
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Fic 8 —Smultancous recording of Llood pressurca in the night atrium and tight and left
ventricles

only a few instances, 15 the pulse rate slightly inereased, especially at the time
of the intradnetion of the eatheter within the heart cavities.”

To these comments, I should hike to add a note of wonder: Why 1s it that
Marey, who, 1n the preface of the baok o which T have just referred, em-
phasizes the importanee, 1n physical examination, of extending the limits of
our senses, and lists many human cavities and eanalieular systems which may
be explored with catlieters and speenla? Why ¢ it that he did not extend his
new experimental method to the exploration of the circulation in man?

In the second part of the last century, it was also realized that measure-
ments of pulmonary artery blow pressure are not all that counts in the study
of the dynamues of the pulmonary cireulation Thus, before concluding, I
should like to speak briefly of two physiologists, Fick and Frangois-Franek,
who played a considerable role in the furthering of our knowledge of the
dynamies of the pulmonary circulation;; the former by enuneiating o principle
of far-reaching importance in its application to the measurement of pul-
monary blood flow, the latter by denionstrating that the autonomic nervous
system 15 capable of causing pulmonary vasoconstrietion in the experimental
ammal

Adolph Fick Shortly after his promotion to Professor of Phy«ology at the
Hochschule of Wurzburg, this versatile scientist presented, in 1870, a brief
and now famous note before the Society of Physiology aud Medicine of this
unnersity town (fig 9). It is entitled Ueber die Messung des Blulquantums
m den Herzventriheln —a rather musleading title for us today, unless it 13
assumed that there is no residual volume in the ventricle after systolie
eyection!

A period of 16 years elapsed before the Fick principle was applied to the



16 PULMONARY CIRCULATION

- m——y

b fir das jade 1830, .

XIV. Slizang am 9. Juli 1870.

Inkalt: Flek: Usber dis Measnng des Blaiquantama in den Hersveatntsla, —
- Rineokors Usber Ritheln wad Masern,

1) Das Protokoll der letsten Sitrang wurde veresem uad genchmigt.
1) Noa alogeluafens Bicher werden In Vorlage gabracht.
3) Hr. Dr. phiL R3ztgen wird als Nigglied sagemeldat.
4) He, Fick bt olnen Vortrag Gber dle Meuung dea Rlutquantams, dus i
, leder Eyrtole durch dle Hermventiikel ausgeworten wicd, eine Gedase, deren Kenste
nles obna Zwelfal yon grosster Tt Glei sind dardber dio
st Ansichten aufgestellt. Wibrend Th. Young e in Rede stehende Grosse auf
atwa d04m papchligt, cunsiren in den neaersn Lebrbdcbern der Physiologie meut
ek viel ABhers Angabes, weltho, gestitsg auf die Schitsgagen von Volkmana
wad Vierords, eleh bis acf 180<cw belaufes. Bei dleser Sachlage it es seltiam,
dase an nockSelchs aaf folgenden nabaliegenden Weg gekommen uh, auf dem
dlees wichtige QiBses wenigtens aa Thieres direkter Besummang raginglich st
Maa besumme, wie viel Sauerntof ein Thier wikrend einer gewissen Zait aws der
Leoft sofaimmt und wle viel KobleasZars es abgibt. Man nebme ferser dem Thiars
wibread der Versucbeseit eine Prods arteriellen und eioe Probe veuSsen Blutes
1a beldes ist des uad der Ki It su ermiueln, Dis
Difersns dos Saaenstoffgebalies ergidt, wie viel Saucrtoff jedea Cubiocestimeter
Blut beim Durchgang durch die Lungen sufuimmt, und da man weiss, whe viel Sanerstofl .
Im Gansen whbrend slnee beatimmten Zeit aufgenommen wurde, 30 kazn man be-
tochnen, wie viel Cablocentimeter Blut wihreod dieser Zeit dle Lungen passirten,
oler wens man darch e Annall dor Merusehlige in dleser Zeit dimdut, wle mel
Cablscsmtimeter Blut mit jeder Sratule des Merzens awmgeworfea worden, Die eat-
spewchende Bechouag mit dva £ids elue Desti Qeaselben
Werthon, walche die ensters controliart.
Da sar Ausflbruog dicsse Methods 2 Gaspampen geblren, so st dor Vortrageads
Teider aleht in des Lage, i ) it heden, Ee will daker uur
woch mach Zem Schema der Metbode elae der
des Menschen geben, pogrindet anf mebr odcr weniger willhirlcbe Dats. Nach
&en vou Seheffor In Ludwig's Laboratoriom susgefabrien Versachen entbilh fu
arteriolles Hundeblut 0,146+m Sagerstoff (pemessen bei (4 Temperstur wnd 1%
Questailber, Drock), 14m vendss Hondellut eathilt 0,6405ccw Baserstofl. Jedea
Cubicoeatimeter Blut pimmt also beim Darchgaog dorch dio Lungen 0,083.0m .
Baserstofl anf. Nehma mas an, das wire beim Menschen geralo so  Nebmo msn
_ forsae a2, sin Mensch abeorbirte In 24 83317 Saverstoff sas der Laft, bie nebmen
Dol 0F gnd 1= Druck 433200¢c® Razer ele. Demaack wirdes iu deo Lovges des
Momschan jedo Secunds Secn Sanerstoff sleorbirt Um diese Absorption su bewerk-
sielligen, mlasten adec dor odigen Aanabae gemiss o 3 ccom Dlot die Lunjen
43 Hocem, eodlich, dass : d)swolen Ia 4 Secsaden
rtelgton whrian wit feder Braicle des Veatrikels 77w Blot svngemosfon. ~ )

Fia 9 —Photograplie reproduction of the proceedings of the Seciety of Phystology and
Medieine of Wurzburg (July 9, 1570)

measurement of blood flow in the experimental animal At last, in 1886
Grehant and Quinguaud ** made use of a cardiac catheter, wintrodueed by the
venous route, to secure samples of mixed venous blood from the right heart of
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dogs. The long delay between the enunciation of a prinaiple and its experi.
mental application is the more surprising since Badond,™ an as<istant of Fick,
in 1876, used a long glass eatheter with a curved tip, whieh he introduced in
the external jugular vein, not in order to secure mixed venous blood but
in order to record pressures m the pulmonary artery of dogs! Apparently the
Wiirzburg faboratory still luched the two gas pumps needed for the extraction
of gas from the Bload, the innvnlability of whieh pumps was deplored and
cited by Fick, when in his note of 1870 he explamed why he could not supply
lus own data for the ealeniation of the stroke volume in the dog

Charles Frangois-Franek The role of the antonomie nervous system in the
regulation of the pulmonnty, was mueh debated in the 1880’ and in Enghsh-
speaking conntries the name of Bradford and Dean *® is usually assocated
with the carhiest experiments (7839) concermng the problem. Apparently,
these English workers were unaware of the carlier work of Frangois-Franck,
presented at meetings or publinhied from 1480 on™ In two papers published
by Frangois-Franek in 1893, 1 order to sustmn bis elaim for priority m this
matter, one ean find how well aware Frangoi-Franek was of the apecial prob-
lems encountered 1n mvestipating the pulmonary vasomotor system. Thus he
emphasized the difficulties related to the mntervention of the heart action,
and to the back effects upon the pulmonary vessels of the direet or reflex
action of the autonomie stumuli on the systemie eirenlation. According to him,
the only valid demonstration of the vasoconstrictor action on the pulmonary
vessels, resulting from stimulation of the first dorsal sympathetic ganglion,
resudes in fhe elevation of pressure in the pulmonary artery tmmedately fol-
lowed by a drop of pressure in the left atrium Such a demonstration, states
Frangois-Franek, hias been given m the thesis of s pppl, Dr. Lalesque, pub-
Inked in Paris by G Masson m 1881 In the introduction of the first of these
two remarkable papers, one will also find the following comment, which could
well have been wnitten seventy years later ““In spite of many reports sinee
Brown-Sequard Leecame mterested in the problem, there 1s still some doubt
among physiologists as to the exact influence of the sympathetic system upon
vasomotricity of the pulmonary vessels ™’

Coxerrsion

In his Introduction to Experunental Medicme, (lande Bernard has upheld,
without reservation, the Positivist thesis that Science today being necessarily
superior to the science of the past, 1t 15 of no avail to Jook for progress in the
knowledge of the past To my mind, such an attitude inolves a dogmatic
eoncept of science and is ereated by the mirage of a final state of knowledge

Looking backward has reinforced my belief 1 the temporary and relatite
character of the successise *‘traths * I have ealled up before you some men
in search of this clustve absolute, sustained by their faith, by their foge and
by the results of their experience Indeed. scientists of all times built eoncepts
to be denied by new techniques, new experiments and their interpretations,
leading to improved or modified concepts, thus turning 1 a eirele which never
ends,

I have aleo found, among other ethueal values, an incentive for greater
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tolerance and for the admission of one's error. Last, but not least, T have rec-
ognized in the men searching for truth the tension of thewr anxiety ereated by
the ambivalent nature of the Western man who in his quest cannot eseape a
continuous doubt of his certainties. In this paradox, one may find the mam-
stay of our Christian civilization and our hope for its survival.
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I. THE PHYSIOLOGY OF THE
PULMONARY CIRCULATION

CHAIRMAN: Jurius H. Coxrog, Jr.
Co-cHAIRMAN : GEoreE E. WAKERLIN

Funections ol the Pulmonary Circulation

Dy Juuios H. Coxrog, Jr.

HE PRIMARY FUNCTION of the pulmonary eweulation is gas exchange The

funetional parts of the pulmonary eircnlation are the pulmonary capl-
laries Therefore, 1t seems proper for me to direct your attention first to the
capillary bed

True, there 1s also a blood pump, the right ventricle, which does the work of
pushmg mixed venous blood along the capillaries True, there are resistances
to flow, both normal and abnormal, in the arterioles and at valvular orifices
True, there are regulatory mechamsms which partly control the pump and the
resistances But these really exist to serve and to protect the pulmonary
eapillary bed

The pulmonary ecapillaries are pictured 1 figure 1, as concerved by William
Snow Miller ! (A) and as photographed by Low,? using the electron micro-
scope with a magmfication of 25,000 times (B) We sec an almost continuous
sheet of pulmonary capillaries except for the spaces where alveoli come 1nte
intimate contact with them We see also that the ‘““membrane’ separating gas
from blood 15 extremely thin (less than 01 mieron) but that 1t is in fact two
membranes—one alveolar and one capillary In health these are so closely
applied to cach other that the diffuston distance for gases 1s very small; how-
ever, there 15 a potential space between them and this can be filled with
transudate, exudate or fibrous tissue

The volume of blood contained withmn the pulmonary eapillaries is small,
about 75 ml in a pormal adult {This capillary bloed volume must not be
confused with the total pulmonary blood volume which is abaut 10 to 15 times
greater ) But it is spread 1n a thin sheet with a very large area, estimates of
this area vary from 30 to 50 sq M. The diffusing capacity of the alveolar
capillary membranes is not really a fixed ‘‘capacity’” since 1t can increase
when pulmonary blood flow tnereases, as w muscular exereise, erther because
of dilatation of functioning eapillaries or opening of new chaunels or both:
approx;mate]y 30 to 50 ml of 0 ean pass across the membranes per mnute
for each mm Hg pressure gradient of 0"

o2
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Pressure and resistance to flow are fow in the pulmonary eapillary and must
remam low in health in order to prevent transudation of fluid across the
capillary wall into the intermembranous space or into the aleol. The vol-
ume flow of blood through the camllaries 15 great (normally about equal to
the cardiae output) and there is a deerded volume pulse 1 the capillaries, at
least when the precapillary resistance iy normal !

Normally the muixed venous blood 1v distributed evenly to all of the pul-
monary ecapillaries (or at least i relation to the alveolar ventilation of each
area) We have been o intent on obtaiming precise measurements of the quan-
tity of alveolar ventilation and pulmonary blood flow that we oceastonally
forget that ventilation and blood flow need not be normal just because their
volume per minute is normal Tt 13 well knownn that uneven ventilation causes
arterial anoxemia; 1t is less well known (or remembered) that uneven capil-
lary blood flow also eauses anoxemia Non-umformity of eamllary hlood flow
13 more difficult to detect and quantitate than uneven ventilation; its precise
measurement still represents a challenge to investigators It is likely that
capillary blood flow may adjust to uneven alveolar ventilation so that poorly
ventilated areas receive less blood for artemalization and well ventilated areas
recetve more capillary blood

Vesalius, in 1513, 10 years before Michael Servetus’ account of the pul-
monary eirenlation, was ““driven to wonder at the handiwork of the Almighty
by means of which the blood sweats from the right into the left ventricle
throngh passages which eseape human vision ** We know now that blood does
not sweat through the intraventricular septum, but, in health, passes right to
left through the pulmonary circulation We know now that later miscon-
ceptions were al<o false.

The pulmonary cireulation 13 not a lesser eirenlation, for it has a greater
blood flow than any other organ

It 1s not always a low resistance, low pressure system Physiologieally, it is
2 Ingh resistance, high pressure system in the fetus and until the first breath
or two 1n neonatal life, pathologically, it can become a high resistance, lngh
pressure system in response to long-continued increased flow or pressure or
obstruction and this ean revert back to or toward a low resistanee, low pres-
sure system upon relief of the abnormality

Tt is not devoid of smooth muscle Tt 15 there and it can both hypertrophy
and regress

It 1s not lacking in vasomotor regulation although this appears to be excited
by stimuli different from those which exeite the peripheral systemie eireula-
tion

Many things we do not know The purpose of this eonference should be to
direct attention to areas of ignorance Some of these are.

What 15 the function of all of the <ensory end organs and paragangha at-
tached to small and large pulmonary vessels? Do changes 1n pressure or re-
sistance to flow lead to the sensory experience of pam?

‘Why should the injection of a few micrograms of certain ehemical sub-
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stances into the pulmonary circulation cause reflex bradyeardia, periph
systemte vasodilatation, system arterial hypotension and apnea? ¢ (See fig
Why are white blood cells, under certain experimental eonditions, trap

Fiaure 1

A. AMQller’s concept of the pulmonary eaplliry hed.!
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in the pulmmmr} Vaseular bedy Is thyy mrculn!mn. nomdcma"_\' or by (lesign,
a ﬁlrorin;,- mechanioy for mixed yonoyg blood 7 How qo the pulmonnry tssney
react to trappeg Partieley 4 What g ITRtant gaqug or ntravaseylap Particleg
do to the pnlmmlnr_\' cirmlnlinn, resionally and fenerally-y

T ity

Wy i (W gty
AORTA MM] ’

Fig 2~B!14L\n.ndm, brputension 5, PR Lolluweing. g, ection (4p dotted verpren
the pulmmm,r fArtery of 4 cate

hine) of BeTotonin 1n, h

Why s the lung rich 1 lmpnrm, istamppe and certayy, enzvine, y Does the
lung have any SiZmficant Metaboe Tate? Doey 1y Produee any chemueay, with
Stenifieant local op remote detion g 7

Are the pulmonary “aptllaryeg alway open? py they alternagey Is there
Sizmficang Tesustanee to floy m the capil]nry beqs What are the himigy to
Capillary (Intenstblln_v' Dony any part op the whoje of the pnlmonar_v Cireuly.
tion g, nccldentalL\' or by design, 4, a hlong Teservayry

Can yo deteet early change, N membrapn. tluckness. area, diﬂu\iug ca-
Pacity, capillary- blood volume op umfnrmxt,v of bloog floy before disease Iy
far advanceqy

What is the Stimylyg to pulmonar_\' arteriolar comtnctwn m Tesponse to
anoxia, Mereaseq P, or lmghtenod left atriaj Pressyree What is the time
course of \'moconstnctwn. or smagt}, Muscle hyportroph_\' and of vaseular

ot

What I the Stmylyg to riohy Yentrieylar bypertrophy' What 1S the time
"eqred for h_vpertmphy and 1ts o, €rsion ¢, Normaj e Why and whep doeg

It 1 Urgent thag We confecg to anq emphasiza areas of uncertmnty and
*horanee and open onr phy ualnglcal, pathologwal, Surgieaj, car(hologncal or
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rn.dmlogicle minds to new thoughts, toncepts, and methods of each of these
diseiplines. In this regard, I recommend that you think seriously of the moral
of the old Hindu fable of the blind men and the elephant:

THE BLIND MEN AND THE ELEPHANT

1t was stx men of Indostan
To learning much nelined,
Wkho went to see the Elephant
{Though all of them were bhnd),
That each by obervation
Might «atiwsfy brs mind,

The FIRST approached the Elephant,
And happenig to fall

Agamst his broad and sturdy side,
At once began to hawl.

“God bless me! but the Elephant
Is very Iike a walll”

The SECOND, feching of the tusk,
Cried, “Ho! what have we here

So very round and smooth and sharp?
To me "tis mghty elear

This wonder of an Elephant
Is very like a wpear™

The THIRD approached the animnal,
And bappening to take

The squirming trunk within his hands,
Thus boldly up and spake

“I see,” quoth he, “the Elephant
Ts very hke a snake!”

The FOURTH reached out an eager hand,
And felt about the knee,

“IVhat most this wondrous beast 33 Iike
s mighty plan,” said he,

“"Tis elear enough the Elephant
Is very like a trec!”

The FIFTH, who chanced to touck the car,
Sard: “E'en the blindest man

Can tell what this resembles most;
Deny the tact who can,

This marvel of an Elephant
Is very hke a fant”

The SIXTH no sooner had begun
About the beast to grope,

Than, seizing on the swingmg tail
That fell within his scope,

«I see,” quoth he, “the Elephant
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And so these men of Indostan
Duisputed loud and long,

Each in his own opinton
Excceding stll and strong,

Thouzh esch was partly in the right,
And all were in the wrong!

Moniw

8a oft in scientific wars
The dwpntants, I ween,
Rail on 1n utter sanorance
Of what each ather mean,
And prate about an elephant
Not one of them has ween!
Jokat Godfeey Saxr
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The Relation Between Pressure and Flow

in the Pulmonary Bed

By Arax C. Burrtox

IT TIAS TAKEN Us more than 10 years m our laboratory to reach the point
where we feel that we understand the general relation, in a variety of
vaseular beds, between pressure and flow, Our experience has been mainly
with peripheral vaseular beds, and we have only a very small amount of data
on the pulmonary circulation However, it may be useful to summarize, very
sketelily indeed, our knowledge and understanding of the factors that deter-
mine the shape of the curves of flow versus pressure in gencral, and then
diseuss how important or not these factors may be in the pulmonary \essels
After all, at the moment it is not lack of data that is hampering all of us, but
Jack of understanding of the mass of experrmental data already at hand, on
the mterpretation of which there is very little agreement

Water Flowing 1n Riund, Nondistensible Tubes

Whenever flow s streamlined, not turbulent {(and this 1s the ease m most
of the crculation), the flow 15 preportional to the driving pressure, by
Porceuille's experimental law, later developed from Newton’s theory of vis-

eosaty by Hagen
_ T 1 T
r=amx ()% (3) (7)

- s : 7
When F 1s the flow in ml /see, I is the pressure drop down the tube, IRk
. S N 1
“numerical factor,” originating in the integrations in Hagen’s dovolopmem,;

ré
15 the vescosity factor in Poses, and——1s the ‘geometrical factor ’ The flow-

pressure eurses are then straight hnes through the origin and the resistance
to flow, defined as the ratio of driving force P to the flow F, 1s given by.

8 A
= (2) o (2)
The resistance 1s a constant for a gnen tube and xiscosity, and does not vary
\with the rate of flow or the pressure Also, for fluid of a normal viscosity (a

Newtonian fluid) the viseosity 15 mndependent of the other variables, such as
the rate of flow, the pressure, or the size of the tube,

Flow of Blood n Vascular Beds
In very great contrast the flow-pressure curves with bleod jn vaseular beds

are quite different. The differences are.
ap
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1. The curves do not pass through the origin, and flow is not appreciable
until a eritical pressure is reached, called by us the eritieal closing pressure
(C.C.P.). This C.C.P. rises as the vasomotor tone inereases, w hen the increase
of tone is produced experimentally by perfusion with vasoactive drugs or by
nertve stimulation.

2 Although the curve for very dilated vessels is almost linear, with in-
creasing tone the curves become sigmord and finally very convex to the flow
axis

3 At sufficsently high pressures the euries tend to become straight lines
pointing to the origin,

1 The resistance is almost constant at hugh pressures, but rises as the pres-
sure 15 reduced, to reach very lugh yalues, rather abruptly, near the C CP

Of course, I have had to gloss over differences in specific vaseular beds for
the sake of brevity For example, in some cases, although an abrupt rise of
resistance at a critical pressure indicates that many vessels have closed, others
(shunts) remain open so the curves of flow do reach the origin, and the re-
sistance, although it rises abruptly, does not rise to mfimty. In other eases,
notably the kidney, the resistance actually nereases at high pressures, prob-
ably due to a reflex.

Why these Differences?

Two possible explanations are advanced The first is that blood has anoma-
lous viseosity, so that the viseosity factor of Porsemlle’s equation 15 a function
of the rate of flow, and hence of the driving pressure This 15 thought by
many to be the main factor and 1s so deseribed n some textbooks and anthori-
tative reviens We now know this 15 very far from the truth, since last year
Dr R H Haynes in our laboratory sueeeeded 1 elueidatig quite completely
the mechanism of the anomaly 1n the viseosity of blood The anomaly 15 due
to axial accumulation of red cells, which indeed takes place However, the
axial accumulation 15 complete, reaching a saturation value, and the effective
v1seosity no longer changes with pressure, at a rate of flow that 1s very small
mdeed mn the range of physiological values Because of axial accumula-
tion, the effective viscosity of blood is considerahly less than 1t would be other-
wise, but in the phystological range viseosity does nol change appreciably with
the rate of flow

Convinemg proof that anomalous viscosity 15 a very minor factor indeed
15 provided by the following two facts

1 The flow pressure curves in vaseular beds when a fluid of normal vis-
cosity 1 wsed, such as Ringer’s solution, are not straight lmes through the

orizin, but practically identical 1n shape with those obtained when blood 15
used
2 The flow-pressure curves of blood 1n r1zid, nondistensible tubes are quite
unlike those found in distensible vaseular beds, but almost linear when the
flow exceeds a very small amount which 1s below the phywiological range
The second explanation possible 15 that the geometrie factor in Posseuwlle’s
law 15 not a constant but depends on the pressure, 1e the difference 15 due
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to the distensibility of bloodt vessels This turns out to be the major factor
Indeed, assuming the right kind of distensibilty in the wall of bload vessels,
where the resistance to stretch increases as it is stretehed more (this is dus
to the combmation of elastic and collagenous fibres 1 the arehitecture of
vessels), and the existence of smooth musecle contraction, relatively independ-
ent of the degree of streteh (active tenston), we have been able completely to
explain, not only the C C P., but also the suceession of shapes of these nou-
hnear flow-pressure eurves It is simply a matter of setting up the equations
for the physical equlibrium of a eylinder under these conditions,

In searching for the factors that affeet flow.pressure relations in the pul-
monary bed therefore, we can omit, almost completely, anomalous viscosity
and concentrate on the effects of dwstensibility, and of the active tersion of
contraction of smooth muscle m the vessel walls, if this exists 1 the lyngs

Is there Vasomotor dehivity wn the Pulmonary Resistance Vessels?

Can there be in pulmonary vessels considerable active tension causmg eri-
cal closure m the pulmonary bed, and helping to make flow-pressure curies
of the shapes shown? The histology beoks are remarkable retieent on the
existence of mueh smooth muscle in the walls of the small pulmonary vessels
While the literature contams considerable mdirect evidence of an increased
resistance when vasoactive drugs were perfused, 1t 15 not always possible to
exclude a passise decrease In drameter due to a change in the pressure, 1e
due to distensibility Dr Patel and I wanted more direct morphological evs-
dence on this pomt By making plastic casts of the pulmonary bed, by the
method of Essex, aud examning the fine endings of these, which are as small
as 10 microns i diameter, we became convinced there was ample smooth
muscle to cause very great vasomotor tone If it were sttmulated to contract®
The casts of two sides of a lung were matkedly different 1f one side were per-
fused with noradrenalin up to the moment of injection of the plastie The
small vessels on this side were no longer relatively smoath and cyhndrieal.
but contorted, and scored by helteal grooves, appearing like a “anarled”’
branch of an old apple tree We developed 2 ‘gnarly’ index from a microscopie
exammation of 100 small endmgs of each east, by a blind technique (the
abserver did not know tie origin of what he examined) The results show, with
statistical significance, that there can mdeed he active constriction in the small
pulmonary vessels The actnity was greater in the vessels less than 25 microns
m diameter, than n larger vessels, at least for small concentrations of the
active drug We are sure. therefore, that there can be 2 lugh CCP. 1n the
pulmonary bed, although we do not know 1n what physiological or pathologi-
eal condjtions active constriction may occur

Notw we have never seen a C.C.P. 1n mammalian peripheral vascular beds,
less than 10 mun Ha, eren i very diated vessels We attribute this residual
C.C.P. to an interfacial tension between blood and the wall, since only deter-
gent agents remove 1t. We thimk, therefore, that the C C P in the lnngs must
at least be 10 mm.Hg, and may, under vasomotor tone, be muich greater T)ze
pressure in the pulmonary artery available to keep the small vessels open is
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o «mall that the sessels of the upper lohes, i the ereet posture, must be very
clome ta closure, eapeesaily m expiration For example, 1f my pulmonary ar-
teral pressure is 23 mm Hg, and the hydrostatic factor ¢ gh for the top of my
thorax amennts to subtracting 15 mm Iy, very hittle s left to keep the upper-
most vessels open Perhaps there 1 some efinieal evidence of the operation
of thiy factor, sinee, 1 am told, in caves of pulmonary hypotension, nheeross
appears 1 the upper lobes first

The Bole of Distensilahty, the Transmural Pressure

1 nave dehberately shd over an important pomnt, whieh escaped me for some
2eaps, during whick trme m3 thinkug aas sall quite eonfused The pressure
that determines the size of & Teustanee vessel, with & pnen distensibality and
sasomador tane, 15 its transmnral pressure This is the difference hetween the
mtrasascular pressure of the biood imnside it, and the trsue pressure outside it
We tntroduced the term some sears gzo, and it has been g great help to our
thking 2 T am delighted to see how many others are now employing the term
and the concept

As soom ax it 15 realized that the tranwmural pressure of the resistance ves-
sels 1 rot necessarily related directly to the pressure drop from artery to
sein, 1t becomes apparent hose mesninzless 1t iy to talk about the flow-pressure
enrve of 8 vasenlar bed, or even about a single family of curves for different
degrees of vasomoter tane For example Usually, one obtams a flow-pressure
enme by lowenng suceessinely the arterial or perfusion pressure, winle the
venous or pulflow pressure s kept eonstant When this 15 the procedure, the
transmural pressure of the resistance essels deereases as the arterial pres.
sure vs Jonered {ft 1 eavy to prove that if most of the total resstance to flow
resides & particatar wet of sossels, as it does i the arterioles in the periph.
eral esreulation, the merage prewsure m these vessels will be midnay between
arterial and venouws prewure ) On the other hand, we might deeide to obtam
the fiow-pressure curve by keepiny the arterial pressure constant, while sue-
eessnely raming the venous pressare 1a this ease, the T M P would merease
as the pressure gradsent fell, and we would expect to get a guite different
skape of flow pressure curse Miss Rosenberg and 15 have shoun this exper-
mentally for the perfused rablit ear, and recentls Levy has published a
paper * m which he annountes the same discovery for the und himb of dogs
Levy supzests a rather eomphieated explanation 1 terms of differential dis-
tensibality of different tessels, or a reflex, but m terms of the TM P of the
resistance essely, the explanation s very sunple

We must think, therefore, of an mfimte number of flow-pressure eurves for
any vasetlar bed For variations of vasomotor tone there 1 a family of curves,
and for each condition of the transmural pressure of the rewstance \exsels
there 1 another family of such eurvey For fe, tsing the con
method of reducing the driving pressure by Jowering the arteral pressure,
keeping the venous pressure constant, we will find 5 ifferent flow.pressure
curve for each value of the venous pressure
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The Transmural Pressure in the Pulmonary Resistance Vessels

This consideration 1s of particular importance in the pulmonary bed, for
the TMP of the small pulmonary vessels 15 profoundly affected by the
changes of intrathoracie pressure during wspiration, or mn the many experi-
ments on flow-pressure relations made on 1olated Jungs Dr Patel and 1 spent
a considerable time reading the voluminous literature on the effects of the
degree of distension of the lungs on the pulmonary vascular resistanee. As
you know, there has been a violent controversy on this for over 30 years!
One school is convinced that durmg mspiration the resistance increases {a
recent paper is that of Helman et al® on humans), the other sehool finds the
opposite The experiments are varonsly on ammals with closed chests, with
open ecliests, or with exered lungs mounted in a hox. Measurements are of
pulmonary artery pressure, blood flow (cardiac output), pulmonary vascular
volume (Mackhin %) and radiwological shadows of these vessels. Sometimes the
lungs are nflated by posihive-pressure wnflation, 1e by rawing the intra-
alveolar pressure and not altermg the outside, or *intrathoraeic pressure,’
sometimes by negative-pressure wnflation, 1 e. by lowering the intra-alveolar or
outside pressure m the box The driving pressure 1s supplied either by the
heart, by a pump, or by the head of pressure from a perfusion bottle
Visscher 7 mtroduced a vartant by putting the perfusion bottle inside the box
50 1t shared in the reduction of pressure when using negative pressure infla-
tion, feeling that this represented conditions mn the infact thorax In view of
this welter of experimental data, on which interpretation we apparently can-
not agree, I suggest that it would be a waste of time and effort to make any
more measurements of this kind, until we do agree on interpretation

In studymg the hterature, we made an astonishing discovery. It was that,
in spite of the opposite conclusions m the many papers, there was no serious
confliet of experimental results at all, as to what happened to the pulmonary
artery pressure, to the blood flow, and so on The conflict rests entirely on
the nterpretation of the results in terms of pulmonary resistance, and arises
because one school 1ses what 18 ealled the *effective pulmonary artery pressure’
1n their caleulation of resistance, the other nses {(we think, eorrectly) the pres-
sure gradient, te pulmenary artery minus pulmonary venous pressure
(although too eften this latter was assumed rather than measured) The ‘effec-
tive arterral pressure’ is the actual arterial pressure minus the ntrathoraci¢
pressure Now the only way that this could be ‘effective’ would be m driving
Bood from inside to outside the pulmonary artery, if there were a hole 1 the
wall The ‘effective pressure’ does resemble the transmural pressure of the pul-
monary artery, and so can govern the size of that artery But it can have noth-
mg to do with the drnving Foree for the flon of blood down the line of pulmo-
nary reststance As soon as we had corrected the mterpretation of those who
wsed ‘effective pressure,” we had complete agreement, that in the normal re-
spiratory eyele, pull ¥ T fell in in and rose m expira-
tion

However, Dr Patel and I dil some experiments on upened-c]u"l!{ rabbits
and on rabbit lungs, inflated by positive- or by negative-pressure inflation
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It was & good thing we did, for we found there is more in the results than
can be explamed by the ehanges in transmural pressure, which will produce
2 chauge in size of the vessels by the usnal mode of passive distension eor
passive contraction ® The simple mathematien} analysis 1< based on the siate-
ment that the tisue pressure in the lungs must be betweea the alveolnr pres-
sure and the mtrathoracie pressure. The analysis showy that:

1 In positsve-pressure milation, the TM P of pulmonary vessels must
deerense av the distending pressure iy inereased {this would mereace the resist.
ance}.

2 In negatne-pressure mflation {as in normal invpration} the TMP.
must anerease as the distension mereases (this wenld decrease the ressstanee)

3 When the perfuvon pressure shares in the deerease in intrathoraeie pres-
sure 1 nezatne-pressure inflation, as in Visscher’s experiments, the TM P
deereases as the distention increases and ressstance would nerease. Thiv w
what Visseher found Note that mr this case positive and negatne pressure
wnflation procuces the same yesult

Note that the effect on T M P does not depend only on the degree of infla-
t3on, but on how that inflation 1s produced There svems to hase been a general
assumption that for the same degree of nflation, however produced, the effect
on the vessels wonld be the same This was a fallaey

The eurves for posttive-pressure inflation, either in the exeised lungs or m
the opened-chest ammal, proved to be always Ushaped. with a mmumum re-
sistanee at an wmflation pressure of between 8 to 12 om HoO The mise mn resists
ance for hgher positive-pressures of nflation was expected on the basw of
TMP, the rise at lower pressures, te in the lungs as they collapeed, was
contrary to expeetation The eurves wath negatise-pressure mflahion were as
expeeted, and showed no Innt of a U-chape, the resistanee falling steadily as
the Jungs were distended Weil et al? alve have recently found Ushaped
enrves of resistance with the use of posttive-preseure inflatton There 15 abun-
dant evidence 1n humans that the vasentar reasstanee rises greatly when lungs
are collapsed, for sn uniateral pnenmothorax and in chronie atelectasis!® ¥t
there 13 very little drop in arterial exygen saturation Thi must mean that
blood flow through the collapsed Jungs 13 very shight To what ean ne attribute
this moerease in resistance as the lungs collapse? We think 1t w a mecharucal
effect of distortion or Linhing of the small vessels Histolozsts have deoertbed
thiy 1t the lung capillaries of collapsed speeimens Our belwef 1 thas explana.
tion was intensified when we found there was a sirmlar merease m vewistanee
of a length af small rubber tubmg, cemented to the wurface of & partiaily
inflated balloon, when that balloon was allowed to collapse Euidently the
geometry of the small vessels of the lung 1s adapted to a moderate degree of

mflation, perhaps that of the normal expiratory posttion, and they are ds-
torted on further collapse of the lnng

Houwever, there 15 some evidenee that a reflex vasoconstrietion 1s chuted
when the tungs collapse We went back to the orsginal data and enumeraterd
the sumbers of wessels that were seored as gnarled ta different degrees in the
casts made with the lungs inflated to dufferent pressures The ncidence of

guarliness was sigmficantly greater 1 the low range of mflation pressure
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(0 to 6 em. H;Q) than for the moderate range (7 to 16 em.Ha0), In contrast
there was no significant difference for higher pressures, though resistance
to ﬂow" agamn inereased. Also, we found a more marked U-shape of the curves
of resistance m the mtact lungs than in thoe that were excised Of course,
sve may have mistaken deformation and kinking of the vessels on collapse for
gn?rliness, but we feel that no external forces could produee the character-
wstic appearance when the helical bands of smooth muscle contract. Such a
vasoconstrietion could be the result of anoxia or of venous congestion, through
& veno-vasomotor reflex

We believe therefore, in spite of the contradictions of statements in the
literature, that mn negative-pressure inflation, as in normal respiration, 1t is
eotablished that the pulmonary resistance tends to fall. Those whe, by the
erroneous use of ‘effective pressure,’ coneluded the opposite often quote the
elassteal work of Cloetta? to support thewr view Cloetta showed that the
lung vesscls contatned less blood m what he thought was normal inspiration,
te negative pressure inflation However, he simply clamped the trachea at
the height of mspiration, and then opened the chest to fix the tissues for his
tological study At the moment of openittg the cliest, the negative mBation
pressure mn the intrathoracie space would disappear, and the amw trapped in
the lungs would be compressed Nothing could have prevented blood from
leaving the lungs What he studied represented the conditions in positive-
pressure nflation, not negatrve-pressure inflation or normal wnsprration This
illustrates the dangers of quoting classical papers without a very careful
re-examunation of their contents

Conclusions The hemodynamics of the pulmonary vascular bed must de-
pend on the same factors as in peripheral beds, namely on the distensibility
and the active tension wn the walls of the vessels Moreover, the transmural
pressure undergoes complieated changes during the resprratory eyele, Also, a
quite small degree of vasomator tone might tend to elose these vessels com-
pletely since the arterial pressure available to keep them open 1s nruch less
than 1n the systemic eirculation The fact that the literature on the subject
may appear to be ““a tale told by an idiot, full of sound and fury, signifsmng
nothing”’ is due to erroneous use of mvalid concepts. In terms of TM P, the
results of all workers fall mnto a consistent pattern An added compheation 15
an merease of resmtance when lungs approach collapse, probably due to a
mechameal kinking of the small vessels
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Discrssion

Sarxorr I would like to mnke one or two vomments

Actually, the crttical elosing pressure of the lung to whieh Dr Burton re-
ferred has been estunated m the experiments with Qifferential Tung perfusion
n the dog with an open chest under anesthesta, by the elegant experiments of
Borst, Machiregor, Berglund and Whittenberger, published in Crrculabon Re-
search 1957 It was found to be somewhere m the vicinity of 6 0 cm of water
The problem of apical flow 1 one that puzries many of ws, Dr. Burton

I had oceaston two weeks ago, Mr Chairman, to visit with Dr Patel,
Dr Burton’ conarker with the plastie casty lie referred te, whe is now at
Salt Lake Crty I must say that his gross and mieroseopne observation of these
casts 1 most convinerng They certainly throw some hzhit on & gnarly problem

I ean’t behieve that there is any residual doubt at all about the fact that
eatechol aminey when mjeeted into the pulmonary vaseular bed in the con-
centrations used do indeed canse substantial changes 1n the foree of constrie-
tion of certamn pulmonary vessels This 1 consanant wath the observations on
differential pulmonary flon by Borst, Macliregor, Berglund and Whitten-
berger, wheremn the smilnferal mtroduction of eatechol ammes produced 2
substautial inerease i the rewstance of that lung winle the other tumg, of
tourse, had 1t resistance deercased passively

Thus brings up a point whick, Theleve, 15 very important to emphasize early
i tius spmpossum  Many artieles published in the medieal hterature reveal
that the authers have appatently unwatiingly eguated changes i resistance
and changes 1n the tone of the pulmonars vascular bed For example. some
mvestigators will give hexamethontum, measure changes n cardiae output,
yuimonary artery and sometunes pulmonary capillary or left atrial pressures,
and then caleuiate restances They then proceed to draw deductions con-
cerning the effect of hexamethomum on the tone {foree of contractron of
smoath muscle) of the critieal revistance elements 1 the pulmonary vaseular
bed Not infrequently, I beheve, the deductions 10 be drawn, are dwmetrically
opposed to those that are drawn 1 would like to give one example and mdulge
m some hyperbole better to emphauze the posnt
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I'AC‘ ’s examtne the situation i which, because of an induced inerease of the
resistance to left ventrjeular inflow, the left atrial pressure, is, say, 40 cm.
of water and pulmonary artery pressure is 50 em of water, The AP is 10 and
cardiae output 15 5, the reststance 1s 10/5 or 2 After dilating the pertpheral
vascular bed, the pulmonary artery pressure falls to 15, and the left atrial
pressare {0 5, while the eardiae output is still 3, the AP 13 still 10, and the
resistance 15 still 10/5 or 2 There is no ehange in rescctance whatsoever, and
some tmvestigators will be mduced, therefore, to think that there has been no
functional ehange n the tone of the pulmenary vaseular bed

Nothmg could be more contrary to fact At a distendmg pressure of the
pulmonary artery of 50 and the pulmonary vemns of 40, the resistance vessels
wonld be quite large; contrarinise, at 15 and 5 and without any change
tone of these vessels they would be smaller unless the system 15 a rigul one
The fact that no change m resistance has occurred mdicates evidence 1 favor
of substantial pulmonary vasodilation (mercased distensibility) even m the
absence of any change m caleulated vascular resistance In other nstances,
calenlated resistance ean go up while tone is deereasing, and vice versa

Brrton 1 don’t believe that Dr Sarnoff really asked me a questron 1 was
very mterested to hedr about this eritical closing pressnre being 6 em of nater,
beeause my pomt 1s that 1f this smooth musele, which 1s eapable of contorting
and constrieting the small vessels normally. does go info action, I am quite
sure that the critical closing pressure will rise eonsiderably. If 1t does rise
con~iderably, then 1 would tlunk that this would make a lot of the small
vessels elose down completely

As to the other remarks, ahout the wterpretation of resistance, I would
agree completely. In my thiking, 1t made an enormous difference when we
separated clearly the ‘driving pressure’ which governs the normal flow, given
a certain resistance, and ‘transmural pressure,” which governs the size of the
vessels 1 would recommend to all of you and to your thmking, tls clear
geparation of the two pressures imolved in hemodynamics

ForsTER. One of the major problems that has been worrying me for some-
time 15 the questton of distenstbility of the capillaries and 1 wonder o
Dr Burton had anytlung to offer i that line or what does hie think of the
gnarly vessels?

Burrtox Well, we were not able to get casts of the eapillaries The cast
method gives us no information about the ecamllaries The only capllary div
tenstbility we have measured was on the eapillaries of the frog, ani the asten-
whmg thing js that here one can deteet no wncrease 1w digmeter, even with a
rise of 100 mm.Hg n the capillary pressure The tinest resistance to streteh,
1 such a small eylinder, would resist a very great pressure mdeed, because
of the law of Laplace

One of the cutest ways of d rating the bility of the periph-
eral capillaries is to get some small bubbles in them The pressure mside.x’l
bubble is considerably more than the pressure m the blood on each «ide of it,
due to the surface tension. When one hay a bubble one cannot <ee that the
capilary wall is any more distended at the bubble than on either side of 1t
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Instantaneous Pulmonary Capillary Blood Flow

By Artrur B, DuBois

Nl'mous OX10L 18 50 soluble m blood or water that it is immediately picked
up by blood entering the eapillary bed of the lungs. If the subject isina
closed chamber and takes a breath of mtrous oxide, the pressure then falls at
a rate which indicates the rate of absorption of the gas by the blood and conse-
quently the rate of pulmonary eapillary blood flow The instantaneous rate of
pulmonary capillary blood flow ean be caleulated provided we know the con-
centration of the gas and the solubihity in blood (§ = (V 20 Sx.0* Faxso).

This prineiple has been tested using a very simple system! Heparinized
rabbit lungs were removed and suspended mn a bell jar The lungs were m-
flated with air contaming 5 per cent CO; but no mtrous oxide Ringer's solu-
tion, through which 5 per cent CO. had been bubbled, was pushed through the
vascular bed by means of a syringe, also in the bell jar space No change in
pressure oceurred within the bell jar (fiz 1, top) until late in the record
because there was no mitrous oxide 1n the lungs, and exchange of other gases
was shight However if the lungs were then ventilated with nitrous oxide, the
gas partial pressure equiltbrated withimn less than a seeond and the pressure
in the plethysmograph became steady (fig 1, bottom) There was then no
trend 1 pressure until fluid began to flow 1nto the capillary bed, where gas
absorption took place The pressure proceeded to fall at a rate indicatng the
rate of perfusion of the capillary bed The position of the syringe barrel 1s
recorded at the bottom of the record, and mjection began at time zero About
13 ml of Ringer’s solution were mjeeted n about 10 seconds The plethysmo-
graphie pressure fell indeating absorption of about 4.5 ml of gas Pressure
in the blood vessel (this was perfusion of the pulmonary artery) rose to
about 10 em H,O during injection Note that gas absorption was neghgible
until about 13 ml of fluid had been mjected, a volume required to fill up the
pulmonary arterial tree prior to full ecapillary flon The pressure change by
that time was 7 em H20 13 ml divided by 7 em Ho0 yrelded a compliance of
the pulmonary artersal vascular tree of 019 ml /em H,0, wineh represented
the elastic eapacity of the vaseular bed proximal to the pomt of gas exchange
during mereasing pressure Comphanee of the venous tree, measured by retro-
grade perfusion m this lung, was about two to titree times the comphance of
the arterial tree Together, the compliance of the arterial and venous tree

Thus work was done during the tenure of an Established Intestigatorship of the American
Heart Association.

This work 1+ bated on the combned efforts of Dr Julws T Comroe, Jr, Pr Grant de J.
Lee, Dr Robert Marshall, Dr. Robert E Forster, IL, Dr Joseph Fngelherg, and Dr Phalip
Kemmel, alt of whom hate partictpated in Larios aspects of the work

This snreatigation wat supported, s part, under a contract betueen the Army Chemical
Center and the Graduate School of Medicine, University of Penneyliana
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F1o 3.—Same recording as figure 2 exeept that the bag was filled with N:0 whose concen
tration was recorded Ly an infra red gas analyzer Absorption of N;0, shown by open eircles
which are corrected for resistance to arflow, was at the same rute durng wspiration and
expiration 3
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F1¢ 4 —Plethysmographie pressure change and ECG while subject held s breath on air
(upper record) or on nitrous oxide (lower record) The uptake of the latter 13 pulsatile with
the heart tate F vented to at arrows

swings in volume which were attributable to rewstance to arrflow (open cir-
cles) When we had the subject rebreathe mn a bag contaming 80 per cent
N.0, 20 per cent O», we recorded a fall i plethy<mograph pressure owing to
absorption of N2O by blood flowing through the pulmonary eapillary bed
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Fie 3 -~lustantancous pulmoniry eapiBlary ood fow curve replotted by measuring A
vecord such a8 1hat 1n figure § 51 004 seeand intervaly, wbtracning the controd record from

the Ny0 reeord, and supetimpostng four heart escles tumed fsom the B wave At vest, and
after exercuse b

Again, the «ame correction far arway rewistanee was made (fig 3) Gas abe
sorption proeceded durmg both snspuation and espiration, indieating that
publmonary eapaffary blood flow waxy quute even (1n<piratory-cxpiraters biood
flow averaged 1 per cent dufference, 8D 77 per cent) throughout the normat
respiratery eyele ®

The correeted points an figures 2 and 3 were all measured at the same phase
of the cardiae eyele However when the subjeets were asked to stop hreathing
for a few secands, 10 abolish artsfacts attrrbutable to atveolar pressure swings,
we conld examine i more detayl the gas absorption and paimonary eapillary
hload flow changes whuch oceurred thraughout all phases of the cardiae exele
(fig 4} The top record was maie wihile the snbjeet was holding hus breath
while breathing ar, wheress the bottom record was the same subject halding
Tus breath whule breathing nitrons oxtde fhe hox was vented to atmospbesie
pressure at the arrows The plethysmographie pressure foll wiot wn a smeoth
Dive, but wx intermittent fasbion over the ten second pertod of breath holdng
Upon eomparson with the et Lsographic record underneath, one ean
se¢ that gss sbsorphion was most rapsd during systole, and almost neghgible
8t the end of dsastole
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TO BLOOD FLOW

Qg 10]
L/MIN

R
P
ra rA
[ 10
PRESSURES g
Ll
M He wu He o
oL 5 i
of Juk [\ . Inp
24 8 27 4 6
SEGONDS SECONDS

Fig 6 —Instantaneous pulmonary eapillary blood fow and pulmenary vascular pressures
obtained by eatheterization of the same subjects on different days Two subjeets who did
not have pulmonary vascular disease Note the close relationship between the pressure gradient
and the hlood flow Diastohie and presystolic noteches are often visthle yn both swaves ®

Replotting these eurves as instantaneous pulmonary eapllary blood flow,
we obtamned a svery pulsatile wave of flow (fig 5) eitlier at rest, or after
moderate exereise * The fluetuating flow may be compared to the fluctuating
pressure gradient between the pulwmonary artery and left atrium measured
at catheterization on a different day but in the same patient * Two such com-
parisons are shown 1 figure 6

So far, we have considered the experimental results obtamned using the
plethysmographic mtrous oxide method several ways Now let us speculate
about the mmplications of these results and about what we hope to learn by
further use of the method

Work and Encrgy of Blood Flow in the Pulmonary Arteriel Tree

During systole, blood is accelerated in the right ventricle and pulmonary
artery by contraction of the right ventricle The blood gains Kinetie energy,



THE PIYSIOLOGY OF TIIE PULMONARY CIRCULATION 41

or energy of motion. As blood distends the arterial tree the latter acquires
potential enerzy (elastic and hydrostatie). At the same time, energy is partly
dissipated by resistance to systolie flow in the small vessels During diastole,
the potential energy 1n the arterial trec is partly lost i hysteresis, and the
remainder 1 dissipated during elastic recoil as blood flows through the resist-
ance of the small vessels By the end of diastole, the pressures in the vaseular
bed are almost equilibrated, and capillary flow practically ecases,

Hemodynamtc Factors which Oppose Forward Flow of Bleod in the
Pulmonary Arterial Trec

The acceleration of pulmonary capillary blood flow (Qe) during systole
was measured from five normal resting curves in reference 4 The values for
acceleration were 1.3, 12, 16,16 and 28, averaging 17 I, /sec /sec Aceelera-
tion of blood in the main pulmonary artery eannot be much less than this for
two reasons First, because the right ventricle empties itself so quickly, and
second, because flow appears n the capillaries so soon Jf the eross sectional
area of the pulmenary artery were 4 em?, the volume of blood accelerated
were 100 ml, and the aceeleration were 1.7 I /sec /sec, then applying New-
ton’s Law, force equals mass times acceleration, the pressure in the right
ventricle to produce this acceleration would be 8 mm.Hg

The elastic recoil of the pulmonary arterial tree during diastole has heen
caleulated assuming that the volume of blood which leaves the pulmonary
arterial tree during duastole, AQ, is the same as the volume of blood which
enters the capillary bed during diastole, and that it can be measured on the
capillary flow curves as the area under the curve during the diastolic intersal
of time (O to t}) AQ = fo! Qdt In a normal vascular bed, this volume was
20 ml, about one-quarter of the stroke yolume During diastole, the pulmonary
arterial pressure change was AP =35 mmHg, mn the same subject, but
catheterized on a different day. Compliance of the pulmonary artery was
C=AQ/A, P =20/35 or 57 ml /mm Hg.

The resistance to blood flow n the pulmonary vascular bed may be caleu-
lated as the ratio of mean pressure gradient to mean blood flow Dexter et al
obtained a mean resistance of 67 (range 47 to 87) dynes sec em™>.® Qur impres-
sion 15 that taking the ratio of mean pressure gradient to mean flow 13 prob-
ably reasonably correct for expressing the resistance of the small vessels {ar-
terioley, capullaries plus venules) Leeause the pressure wave and flow wave are
so symilar 1 form

The lag of the flow wave with respeet to the pressure wave appears to be
about 01 (00 to 02) see, but will not be known more preewely until sunul-
taneous measurements have been made of pressure and flow. A lag of this
degree could be explained on the basis of pulse wave veloeity

The opening pressure of the small vessels has been deseribed by Dr Burton
Since the flow and pressure vary so strikingly during a single heart beat, we
should be able to see during systole whether there is a marked rise in pressure
prior to the onset of capillary flow Tlus effect could be studied mn records such
as those obtaned from the 1solated lung In the human records, & pressure
prior to opening might go unnoticed because of the rapidty of ejection of the



49 PULMONARY CIRCULATION

night ventricle and possibly because of the time necessary for the transmission
of the pulse wave,

Alterations in Pulmonary Vascular Discase

Although we are unable to say how mueh of the resistance to blood flow is
precapillary, intracapillary and posteapillary, there is a possibility of distm-
guishig the capillary eurves found in the presence of a marked inerease of
precapillary resistance from those found when there is a marked increase in
posteapillary resistance By comparison of the relationship between the pulse
pressure curves and mstantaneous capillary flow eurves 1t was apparent that
mereased precapillary resistance may have attenuated the eapillary flow eurve
(dmmmshed 1ts peak amphitude and delayed the peak flow with respeet to peak
pressure) through a Windkessel effcet However, inereased posteapillary resist-
ance did not appear to attenuate the pulse flow curve i the capillaries An
inerease m resistance would rase the pulmonary arterial pressure during flow,
and this would m turn distend the pulmonary arterial tree, resulting i de-
creased comphance of 1t either by approach toward an elastic limit or by a
change n the walls of the vessels In a ease of pulmonary hypertension, the
diastolic compliance was caleulated to be 21 5/11 0 or 20 ml /mm Hg, which 1s
considerably less than that of the normal lung

A horizontal plastic plethysmograph designed to fit on a fluoroscope table
Las been construeted for simultaneous measurement of instantaneous pulmo-
nary eapillary blood flow and intravascular pressures during cardiae cathe-
terization * With this, it should be possible to make simultaneous measure-
ments of pressure and flow 1 individual patients This should allow the meas-
urement of complance of the pulmonary arterial tree, loeation of resistance
to flow 1n pulmonary hypertension, beat by beat variations of right ventricular
strole volume, and variations of vaseular eomplance and resistance in differ-
ent phases of the heart cycle and during heart beats of different stroke volume
or duration t
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* Made for us by Air Shields, Inc, Hatboro, Pa
t Although the methad 13 apparently applicable to research, we do not at present regard
1t 1n any sense as a route clinie1l methed for eardiac output owing to the hmtations dis

cussed 1n references 3 and 4
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DiscrssioN

Sirnory  This mpentows feehnmue of Dr DuBers b & much needed ap-
praach to work in the field

Dr DuBois, the explanastion you gave concerning the delas i the plethys-
mograpihne pressure ehange after the onwt of the infuvon of the pulmenary
raseuler bed v eertawdy a plawmble one You apparvently feel this delay »
due to the fitling of the vessels when the pump s started and that this s preor
to the onset of actual capslary flon T wonder if we wouldn't feel a it more
convinieed about tlus 1k you gave us mformation coneerning whether or not
tins delay 1n the plethy smographse response v autigated or abbreviated when
the vessely are predistendetd That 1» to sav, of you fitled them first and then
nttiated the systemn so that eapiblary flow started mmmediately, would your
plethysmographe tracings stil} not show an immedsate dropt

DurBats We have nat wuestigated all combinations of pressure m either the
arterial side or the venous sule, and we have not inestegated all combinations
of lung mffation as Dr Burton and youn, and Dr Derglund have approached it

Sagxorr I3 there any ndication from your datd, Dr DuBais, that there
15 a puhnonary capillary flow rate withim reach wlueh, f exeeeded, will begin
to interfere with saturation af the blood m s trmerw of the capsllary erceunit?

DiBoss It 1 conceryable that the pulse during systole might get through
50 fast that the blood doesn’t have tume o vaturate with otygen, and dastole
wauld not mahe up for the w a person with unpawred Giffusion and wmereased
eardme output Nitrous oxide 15 mueh more diffumble than carbon monoxide
or oxygen Jt 15 more hike carbon dioxade It dovs go into solution tery quickly
(un about one-twentieth of a second)

Dexter I would hhe to say, first of all that thes 14 a really remarkable
method, as T am sure yon all appreaiate Methods of measuring blood flow
instantaneonsly have been sought for years Flow meters have been used m
animaly, but 1 man Br Dulloss’ trchnigue 1 the only method avalable Fur-
thermore, 1t prupoints the measurement to the alb-unpartant capfiary bed of
the lung

By simultaneous measurements of pressure and flow, Tus work alo empha-
sizes the lack of linearity between pressure and flow, as Dr Burton pointed
aut, and this rawses the question of how great the change m calewlated resist-
ance must be before there 13 a change of ectual resstance e ability to
calenlate the ampedanee 3 an unportant eondnibation

From what Dr DuBors says, [ gather that there 15 no evidence as yet that
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blood actually comes to a standstill or runs backwards m the capillaries 1
mitral insufficieney

[ should like to ask Dr. DuBow one question The body plethysmographte
method measures the total pulmonary capillary flow The Fick method meas-
ures the pulmenary arterial flow. The plethysmographic minus the Fick
should theoretically measure the bronchial collateral eireunlation as well as
blood shunted around the pulmonary capillary bed I wonder 1if this would be
a practicable measurement to make.

DuBois In a few people with vascular shunts we found the method un-
satisfactory beeause of recirculation. Our method requires about a ten second
period of breath-holding. In the presence of recirculation, nstead of getting
a steady rate of uptake you can rely on, you get a curved line It is true that
you might be able to discover some things about them, but I don't thmk it 1
going to prove a very good method for studying pulmonary sascular shunts.
This 13 a good way of studying pulsatile pulmonary capillary flow curves but
not a good way of studying shunts Fortunately there are other ways of
studying them,



"Phe Pulnionary Capillary Bed: Yolume, Area
and Diffusing Characteristics

Dy Roperr B. Forster

HIS PRESENTATION consists of a brief outhne of methods we have developed
for the measurement of the diffusing capaeity of the pulmonary capillary
{Dy), the puh v capillary hlood volume (V.), the volume of
the parenchymal tissue of the hung (Vr), and the pulmonary capillary blood
flow {Q.), plus some results we have obtumned from the apphieation of thewe
nsethads to humans Thiv work has extended over abont the last 8 years, and
my aveocsates have contnibuted a majority of the effort, in idens as well n«
labor Some of the data I shall mention have not yet been published w full
Because our methods of observation are based on gas exchange proeesses i the
lung, 1 will define the pulmonary eaptlarics ay those Vessels of the lung aeross
whove walls mgnificant exchange of gases takes place between the alveolar
air and the bivod
Frrst, T will outhine the method wiich Professor Roughton and 1 have de-
veloped for the measurement of Ve and Dy P2V, st should be pointed out,
1 the capsllary blood volunre, somethng n the arder of 50 m} m vesting
normal man, and uot the total puhwanary blosd volume, 1 the erder of
1 ister (3) Dy, the iffusmg eapaeity of the pulmonary wembrane, 1 the rate
at whieh a speeified gas, and T will be talking about €O, diffuses across the
alveolar membrave, m m! ymin /mm Hyg of CO tenuon difference It does not
melude the movement of €O witlun the blood Dy v theoretieally direetly
proportional to (a) the total surface area of the pulmonary eapilary bed,
(b} the speafic diffusiutty of the trsues making up the pulmonary mem-
brane, {e) the solubthity of °0 n the membrane (ay), and {4} jnvercely
proportional to the thickness of the membrane Assuming for the lack of con-
trary infermation, that the speesfie diffusnaty and solubility do not vary over
a wule range, Iy becomes a composnte mdex of changes i the surface area
of the putmonary eapilary bed and the tinckness of the membrane Dy 19 to be
dutingmished from the pulmonary diffuung eapacity, Dy, whieh weludes both
the process of Qiffwsion aeros the pulmonary membrane and, i addition, the
eombined diffusion-reaction procevsey withm the blood The pertinent pressure
gradient wa the case of Dy, 1s that from the alvestar gas to the wtracorpusentar
Hu solecule, and sinee the €0 tervaon m the viensty of the Hb molecule 13
zere {or 1s corrected te zero'), eynals the alveolar CO tension Dy 15 deter-
mued by & modification of the breath halding techmigue deseribed by Drs
Fowler, Bates, Van Lingen and myself several years ago ' The subject inhales
a smgle measured yolume of a gasy maxture contamng abont 0 4 per cent €O,
and 10 per cent helium, the remander consisting of sarous proportions of

This work war supparted v part by u grant fram the Life Insurance Mediend Hescarch Fand
45
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blood actually comes to a standstill or runs backwards in the capillaries
mitral msufficiency

I should hke to ask Dr DuBois one question. The hody plethysmograplue
method measures the total pulmonary camllary flow. The Fick method meas-
ures the pulmonary arterial flow The plethysmographie minus the Frek
should theoretically measure the bronchial collateral cireulation as well ay
blood shunted around the pulmenary capillary bed. I wonder if this would be
a practicable measurement to make

DuBois, In a few people with vascular shunts we found the method un-
satisfactors beeause of recirculation Our method requires about a ten second
period of breath-holding. In the presence of reerrculation, instead of getting
a steady rate of nptake you can rely on, you get a curved hne It 1s true that
you might be able to discover some things about them, but I don’t thmk it is
@omg to prove a very good method for studymg pulmonary vaseular shuats
This is a good way of studying pulsatile pulmonary capillary flow curves but
not a good way of studying shunts Fortunately there are other ways of
studying them
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and 32.1m} = 23 ml /min./mm Hg for Dy, at an aheolar Po, of 120 mm Hg
At this last Py, the intracapillary resistance to CO uptake (8V.) is 47 per
cent of the total. Of course, it must be borne in mind that very large errors
mn Dy ean result from rv]nmel\' minor errors n the estimates of D, a fact
inherent m the ealeulation This makes Dy a far less reliable measurement
than Ve
I will now go on to outhne the method Dr. Cander and I have developed for
the measurement of the pulmonary tissue volume (V) and the pulmonary
capliary blood flow (Q.) 7 The experimental technique is similar to that I
have already described for the estimation of Dy, except that the subject in-
spires & gus mitture approvimately as follows 03 per cent acetylene, 10 per
cent helumm, and the remainder N» and 0» If expired alveolar samples are
collected after a period of breath holding, ranging from about 2 to 50 seconds,
and if these samples are analvzed for acetylene and Lelium, and the acetylene
coneentration expressed as a fraction of the value predicted from the dilution
of hehum 1n the resmidual gas, results similar to those in figure 1 are found
This represents 8 separate experimental measurements The immediate drop in
alveolar acetylene concentration results from the rapid solutien of tlns gas
m the finer parenchymal tissues of the lung, the septa and the pulmonary
membrane The volume of these tissues which are exposed to the alseolar gas
we have ealled pulmonary tissue volume and designate as Vir If we know the
alveolar gas volume (V,), and the solubility of acetylene in the lung paren-
chyma (ar), we can caleulate Vp from the intercept of the acetylene disap-
pearance curve on the ordinate Dr Cander has determined the value of ar at
37°C for the parenchymal tissue of eadaser lungs which were dissected free
of the larger airrways and blood vessels, as 0768 ml /ml /atmosphere Vy m
the subjeet m figure 1 was 630 ml The average value of Vr in 3 normal
subjects was 570 ml, corresponding very well with an average value of 580 ml
for the volume of the cadaver lungs minus pulmonary capillary blood volume
Assuming there 14 no acetylene in the putmonary arterial blood, Qe 15 theo-
retically proportional to the slope of the disappearance curve 1n figure 1,
precsely, the slope equals — Qtar(\'A+ﬂT\'T) ap and ay have been ob-
tamed from in vitro measurements, Vy can he ecaleulated from the intercept
m figure 1 as diseussed above, and V) equals the inspired volume plus residual
volume Therefore, we know enough to caleulate Qc from the slope 1n figure 1;
1ts value1s 6 9 L /min 1 do not want to enter into the coutroversy concermng
the aceuracy of the mert gas methods for cardiac output as compared with
the direct Fick ®1°11 but I should mention several ponts mn this regard The
first is that recirculation can be detected as an upward curvature of the
acetylene disappearance curve In figure 1, the curve 1s straight until about
20 seconds of breath holding, well within the time necessary to make the
needed measurements, which can be completed 1 10 seconds or less The sec-
ond pomt concerns the magnitude of the results The average resting pulmo-
nary blood flow 1n 5 normal resting men was 314 L /mmn /M 2 (Cander and
Forster, to be published), which 15 consonant with the average value of
312 L /M2 reported by Cournand et al!* for basal subjects using the direet
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0; and Ny Breath is held for about 10 seconds, and then exhaled Approu-
mately the first liter, or an approximate amount, is discarded as being con-
taminated with dead space gas, and a portion of the remamder collected and
considered ulveolar gas Helium is practically msoluble in blood and tissue, so
1ts eoncentration in the alveolar sample, as compared with that in the inspired
gas, represents the dilution of the mspired gas by the gas residual in the lung
The msprred CO must have been diluted m exactly the same ratio, so the helum
drlutton ean be used to calculate the CO concentration that would have been pres-
ent m the alveolar sample, 1f some CO had not been aborbed by the blood This
caleulation therefore gives the alveolar ('O concentration at the start of the
period of breath-holding, the actual CO concentration n the alveolar sample
15 that at the end of this period Smee we know the imitial and final alveolar
CO concentrations, the total alveolar gas volume (V,) and the time, we can
caleulate the rate of CO passage into the blood, the average alveolar Peo
durmg the breath-holding period.* and therefore, Dy, which equals the rate
of CO uptake per mean alveolar P, Dy, 15 greater in individuals with larger
hody surface area, mncreases mn exercise, 15 decreased n diseases of the pul-
monary capillary, sueh as alseolar-capillary bloek, and deercases m an in-
dividual when the alveolar Po, 15 rawed**" Tlis decrease in Dy with an
increase 1n alveolar Py, results beeause 0, competes with CO for the reduced
Hb m the red cell, slowing down the rate of formation of COHb m the blood
to such an extent that (‘O diffusing across the pulmonary membrane mto the
plasma piles up, rasing the plasma dissolved O tension, which nterferes
with the further movement of ('O out of the alveolar amr At an alveolar
Po, of 600 mm Hg, Dy, 1s ahont one-half that breathmg air (alveolar Po, 100
mm Hg), and plasma P, 1s about 75 per cent of alveolar P.,, the rate limt-
ing proeess 1s that of the formation of COHb within the red cells The rate of
COHb formation m turn depends upon the velocity of formation of ntra-
cellular COHb per mi blood,t which ean be obtamed i vitro,® multiplied by
the total volume of blood in the pulmonary eapillary bed (V) On the other
hand, at an alveolar Py, of 100 mm Hg, Dy, depends about equally on Dy and
the total rate of COHb formation in the capillary bed Using measurements
of Dy, at several alveolar O; tensions, we can caleulate Dy and V, alone f
The most recent and extensive data on V. and Dy we have at the moment
are those of McNeill, Rankimn and Forster (Clineal Seience, m press) on 8
normal resting male subjeets with an aserage surface area of 2 square meters
grvng values of 973 = 16 0 ml for V., 635 == 124 m! /min /mm Hyg for D,

* Thia 18 not a simple average of the mtiat and final concentrations Actually, Do = Va/
(time of breath holding X [larometric pressure — 47 mm Hg]) X natural logarithm (mtial
alveatar CO concentratian/final alveolar CO concentration)

+ This veloeity constant, usually ealled 467", 15 1n umits of ml CO/min mm Hg Pe/ml
whole blood Its value at a Poy of 120 mm Il 15 0 8%, and at 600 mm Hg, 13 0246

§ The relation Letween the pertinent vanables 1s most succinctly expressed in the equition,
1/Ds = 1/Dx + /8%« Du, Dx and Ve are analogous to electrical conduetances and thesr re
aprocals to electical resistances The equation thus states that the fotal reststance to the up
{ake of CO equals the resistance to diffusion aeross the pulmonary membrane proper plus the
resstance fo the entrance of CO into the red cells
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the gas discalied in the lung tivaue, 1 addition to that lost from the alveolar
air. Obviowsly this method for estimating pulmonary blood flow can enly be
influenced by those parts of the lung whieh eontribute siguficantly to the
expired alveolar sample, Also, sinee the disappearance curve has two un-
knowns, Q. and Vo, in order to solve the relationships 1t 1 necessary to obtam
tno points,* one as early as possible whiel 1s influenced mainly by Vi, and
later pomt, sueh as around 10 <econds, whiek depends mamty on Q. Alter-
nately, a value for Vi, whieh 1s apparently stable, ean be assumed from later
measurenients

Drs Johnson, Spreer and Bishop have gone on to combine the method for
Dy and V, with that for Q. and Vo By having the snubject make an inspra-
tion of a gas muxture contmming approximately 04 per cent ('3, 05 per cent
acetylene, 10 per cent hehum aud the remander Ny and O we can obtam
smmultaneous measurenients of Dy, and Q.

T will now disenss some results, which we bave obtamed with these methods,
relating to the mechanism of changes i the pulmonary eapillary bed

Exercise_has been known to merease D smee the first work of Krogh '

Exzure 2 15 a graph of Dy, at a normal alveolar Py, about 120 mm Hg i one
normal subjeet at varying states of exertion The data are from the work of
Drs Jobnson, Spicer, Bishop and myself Valsalva done during the period of
breath-holding lowers pulmonary hlaod flow below resting salues, while sex-
eral minutes of exerene rawses 1t Dy 15 approximately a limear function of Q.,
with mtercept on the ordinate greater than zero This sugzests that there
would be stagnant blood in the eapitlaries to absorh CO even if the total blood
flow were zero The data m this and the subsequent fizures were simlar for all
subjects studied

Figure 3 and figure 4 show the values of V. and Dy ealeulated from the
1alues of Dy 1 figure 2 plus sumilar data at luglier alveolar O, tensions Both
Ve and Dy are also hmear functions of Q. although the data for the latter
are the more variable Vir, the corresponding measurements of whieh are not
shown, had an average-valwe for Subject WSS of 526 ml, and ranged from
298 to T12 ml with no correlation with Q. This datwmn 15 extremely sensitive
to shght changes in the mtercept of the acety lene disappearance curve (fig 1)
The _average time a red eell remams n the pulmonary capillary bed equals
Ve/Qe and for the data n figure 3 ranges from 12 seconds at Q, = 4 L /mmn
to 05 second, when Q. = 15 L /mimn

These results suzgest that any change m cardiac output changes both the
‘volume of blood in the pulmenary eapillary bed and the effeetnne surface area
of the bed There appears to be no platean, at least up to a cardiac output of
13 L /min If this is amply a passive opening of the vessels, then & sudden
change m eardiae output should produce an equally sudden change in the
capillary bed In figure 5 are plotted simultaneous values of Dg and Q. at
ifferent times during a period of exerce and subsequent return to the rest-
ng state Vi was assumed constant throughout The procedure was repeated

* To obtam Loth on a sngle breath holding experiment, V13 assumed from other data
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¥1a 2 —(bottom) A graph of diffusing capacsty of the lung (D) plotted against pulmo-
nary eapillary blood flow (Q-) at rest, during exereise on a treadmill, and during Valulha
and Muller maneusers in Sublect WSS Ahcolar Po, %as approumately 120 mm g

Fick technique In additton, the values of pulmonary hlood flow during exer-
eise (around 12 L /min /M ?) are within 10 per cent of those reported by
Donald et al 13 for subjects exercising supine using the direct Fick technique
Previous fallures to allow for the tissue volume must have led to an under-
estimate of the pulmonary blood flow by the inert gas methods in the order
of 10 per cent, since a change in alveolar concentration ndieates a ehange 1n
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Fso 6—(botfom) A graph of pulmovary dhiffnning capaetty (D) agamst potmonary capd
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1o obtaws each pomt. The rapidity of the ehanges in both Q. and Dy 13 strik-
g, as 15 the marked similarity m the two curves A reasonably steady state
was achieved mn about one minute, as has been reported by Donald et al 13
1 have plotted these values of Dy, against Q. i figure 6 ay open areles, and
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Fio 3.—(top) A graph of pulmonary eapillary blood votume (V.) plotted against pul-
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Fia 4 —(bottom) A graph of diffusing capacity of the pulmonary membrane (Du) plotted
against pulmonary ezpiltary blood flow (Qc) at different states of exertion In Subject W8S
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have meluded the steady state values shown earlier (fig. 2) as solid dots to
bring out the relationship between the transient and steady state valnes There
15 certamly a tendeney for the blood flow to inerease more rapidly than Dy
at the start of exereise, and the reverse at the cessation of exererse, This
change 15 sigmificant, at least at certain parts of the eyele, but 1t°i» difficult to
say whether this 15 due to a mechanical lag, or repre<ents the delay in some
control mechanism, such as a reflex In this partieular, it would be enlighten-
mg to know what happens to the puimonary artery pressure during this tran-
sient phase, although 1t is dangerous to assume the eapillary bed contributes
a major part of the pulmonary vaseular resistance e

What are the changes t the dimensions of the capillary bed with change
m eardiac outpmt? Do the mdividual capillaries expand, or do capillaries
previowsly shut, open upt If the latter mechanism 15 the more 1mportant one.
Dy and Ve should inerease proportionally, since the process eonsists essen-
tially of addmg new capillaries to the bed, assumedly of the same size On
the other hand, 1f eapllartes already patent are dwtended durmg the -
ereased blood flow, V. wonld probably increase proportionally more than Dy.
as the volume mcreases more rapidly than the surface area when the radiss
of a eylinder merceases The values of Dy for all 4 subjects studied are plotted
aganst Vo 1n figure 7 The regression hine of Dy as a function of V,. exclud-
ing the one aberrant point, 15 also given If Dy varied n the same proportion
as Ve, this lme should pass through the orgm, which 1t does not However,
a similar hine for several of the mdividual subjects would pass close to the
origm  Unfortunately, it is not possible to distinguish between these two
Aifferent mechantsms of inereasing the eapitlary bed, although further studies
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might bring out a ifference If«the pulmonary hematoerit altered with
changes in Q, the relationship of Dy and Ve would change S An inerease in
hematoerit would produee an apparent merease in Ve, even if the actual hlood
volume wete constant

Several miseellancous findings suggest that the relationship between Dy,
V. and @, may not be just a simple passive opemng up of the capillary bed
with inereased flow Drs Johnson, Kimmel and Stein (to be published) stud-
1ed 10 patients with thyrotoxicosis and found Dy, within normal linuts (cer-
tainly not nereased) m spite of measured mereases in Q. Dr D V. Bates
and tes (personal ication) lave made similar observations dur-
1ng moderate exercise using a steady state method of measuring De. In our

patients, there was no simmficant fall in Dy, with treatment, although Q. as
measured in the body plethysmograph using N»0 fell 1 all 5 of the patients
1 whom 1t was estrmated This suggests that ehronte mereases m Q. may
not necessarly be accompanied by inereases i the dimensions of the pul-
monary capillary bed, or possibly that some pathological process associated
with the disease compensates for increase resulting from greater Q.. In ref-
erence to this last poswibthity, measurements of Dy and V. in 2 of patients
before and after treatment, showed no change

Another shightly diseoncerting finding 1s that normal seated subjeets showed
no change in Dy or V, when a pressure swit fitted ahout the lower half of
their body was suddenly inflated for 20 to 30 seconds ® Previous studtes with
venous catheterization had demonstrated that under the conditions used this
procedure raised pressures thronghout the pulmonary vaseular eiremit about
20 mm He, and althongh simultaneouns vascular pressure measurenients were
not taken at the time of experiments, 1t 1s reasonable to assume that the pres-
sure across the pulmonary eapillary walls rose eonsiderably, apparently with-
out 1ncreasing the size of the capillary bed Gas was trapped n the lungs
during the procedure, which may have distorted the calenlated values of Dy,
but the results certainly suggest that the capillaries are not simply distended
by a sudden inerease 1n the pressure across their walls Stimulated by these
findings, Miss Edith Rosenberg and 1 are investigating the effect of trans-
mural pressure on the captllary bed 1 1volated perfused cat lungs

T have said nothing about the surface area of the capillaries or the thickness
of the pulmonary membrane There are at present no satisfactory methods for
mdependently measnring either the area, effective thickness of the wall or duf-
fusivity of the tissue making up the pulmonary membrane Dr Radford has
desised a very mgenious method ¢ for estimating the total surface arca of
the lung, but this 15 not necessarily the same as that of the capillary bed

In summary, we have developed a breath-holding technique for the estima-
tion of the diffusing capaeity of the pulmonary membrane, the volume of
blood in the pulmenary eapillaries, the blood flow through the pulmonary
capillartes, and the pulmonary tissue volume I have shown you some of the
results that my associates and T liave obtamed with this methed, results indi-
cating the extremely close relationship between blood flow through the pulmo-
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nary capillary bed and its dimensions I don’t think we can draw any startling
conelusions about the mechanism of control of the bed at this time, though I
look with anticipation to the future,

Funally, I would like to pay a tribute to Dr. J H. Comroe, Jr. and Dr.
Seymour S Kety, who, loeal rumor hath it, laid the plans for all this work
m a mere 48 hours in 1950, and it has taken my other colleagues and myself
8 years to get this far
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DiscussioN
RiLey+ 1 am impressed by Dr. Forster’s magmficent work which leads him
to a perfectly d L ion of techniq for getting at some of

the most complicated aspects of gas exchange .
1 am certamly not able to comment on the vahdity of the technique de-
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seribed. Like alf techniques, they are approaches to nhat 1 not necescarily a
perfeet answer, My only comment 1u that regard j3 o suggest that the decimal
place be feft off on the results that are obtamed beeanse that degree of aceu-
racy 1 as yet unattainable by any methods in this feld
There is ho doubt about the general simmficance of the work which Dr
Farster and various collaborators (particularly Dr Roughton on the theoretr-
el side} have done It has added & whale new dimension to our thinking about
the movement of gas from the Alveoll 1o the Teid blood eells
Most of us have been aware that varions stages were miohed and could
name them if we were publtshing a paper, but theught that for working par-
pases, the domi istance to the movement of gas botween the alveolr and
ted eolls was m diffnsing serosy the pulmonary membrane. On the basiy of
techmeally diffieult studies of the rate at which €0 ean get into the red cell,
and then the combination of these in vitro studies with studies of diffusing
eapacity in humans, Dr Forster has brought forth quite convineing evidence
that not only do we have to think abeut the resistance wierposed by the put-
monary membrane, but an adiditional resistanee, which is yust abont as great,
in gething fram the plasma into the red cell Even thys resistance, they have
shiced still tiunner into veswtance interposed by dsffasmy acrosy the wall of
the red ecell and resstance due to the reaction rate hetween CO and hemao-
globm, onee you get wnsle
This expands our awareness of what 15 going on as the blood flons through
the lung, and although there are teehnieal problems that have prevented get-
ting all thic information for oxygen, which of course, would be even more
mteresting than for €0, they do have preliminary data and R number of
mdirect ways of Jooking at the stiwation This leads them o beheve—I don’t
know why 1 am spesking for Dr Forster, except that he didn't mention oxy-
gen rery mueh—that the resntance an the case of oxygen thus interposed by
the blood 15 & very significant resistance just as 1t 15 in the ease of carbon
monoxide
To carry all this a step further in an effort to nse these techmques to find
out what 1s happeming to the size of the pulmonary eapillary hed, particularly
Between rest and exercise, is moting very fast One would certatnly expect the
diffustng eapacity of the pulmonary membrane as an wolated phenomenon,
not eounting what happens 1 the bleod, to vary m relation to capllary blood
volume That is an 1dea we had before we were aware of some of these com-
plexities, and the ability to test this now carttes the matter a good at further
The unly trouble 1s that w getting the reststance due to the diffusing capaeny
of the pulmonary membrane alone you have to subtraet the resistanee withm
the blood 1sclf from the total resistance This subtraetion, of course, may
have something to do with what you are left with for the pulmonary mem-
brane,
T don’t thank ths alters the general wdeas invohed, but st does leate me, in
partieular, m z slightly embarrassing position When we study the diffusing
eapaesty for oxygen, we find that as one exerenses, the duffusing eapacity for
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oxygen goes up, and finally, 1f one exercises hard enough, approaches a maxi-
mal value which does not then merease much 1f one exercises still harder. We
simply explamed this to mean that the eapillary bed was wide open, and there.
fore could not open up any more as a result of still further exercise. We
believed that this gave a fizure related to the size of the total capillary bed

Now, of course, we are not <o sure about this, beeause Dr Forster and hus
group do not find that the diffusing eapaeity for carbon monoxide reaches a
maxmmal value When we used carbon monoxide (actually our work has been
with the steady state iffusing capacity teehnique of Dr IMlley’s) we don’t
find a plateau either In other words, the diffusing eapacity seems to ge on
mereasing lmearly 8o, we are left with considerable agreement with respect
to the experimental findings, and don’t know what to do with the concept of
opeming up the entire capiliary bed

I am not gomng to suggest what the physiological explanation 1s, because the
number of variables that now Lave to be put into the picture—the reaction
rate between Qg or CO and hemoglobn, the volume of blood i the capillaries,
the hematocrit, the resistance to getting across the red eell wall, and then
the changes 1 the diffusing eapacity of the pulmonary membrane during the
respiratory eyele and during the eardac eyele—is getting to be far more than
one can balance off and integrate by simple, common sense methods

That 1s why I am astounded that Dr Forster and his eollaborators are able
to make these studies during states which are even less steady than those we
Iike to call steady states, and yet I am very much impressed with the degree
to which the findings during these *‘transents,”’ as Dr Forster called them,
do seem to run qmte elose to the more steady state conditions

Well, ne are certamly left m the mrddle of a very complex ared, and I can
only say that I don’t know of anybody who 15 more likely to make sense out
of 1t in due eourse than Dr Forster



Reflexes Originating in the Pulmonary Circulation

By Grorrrey S. Dawes

FEW SEARS A00 it might well have seemed that little of fundamental’inter-
est remamed to be learned about reflexes from the lung The work of
Hermg & Breuer (2868) and of Head (1889) had been triumphantly vindi-
cated by Adrian’s (1933) demonstration of the pulmonary stretch receptors
1n «ngle fiber preparations of the vagus nerve Yet even in the 1830°s there
were several indications of new and even startling possbilities. Thus, fer in-
stance, it was known that intravenous injeetion of multiple minute emboli
into experimental animals eaused rapid shallow breathing, which was abol-
ished by cutting the vagi, a phenomenon for which there was then no adequate
explanation (Shaw Dunn, 1919; Whtteridge, 1950). And on the ather hand
there was evidence from various sources that serum or certain chemical, sub-
stances, injected intravenously or inhaled, would cause a profound fall of
blood pressure and heart rate, which was abolished or greatly reduced by
section of the pulmonary branches of the vagi (Brodie, 1900). Electrical
stimulation of the central ends of thewe nerves caused either tachycardia or
bradyeardia, acecording to the strength of the stimulus employed. During the
last 10 years mueh progress has been made in understanding these phenomena,

Tne Pruvoxary DEPRESSOR REFLEX

When the pulmonary arterial pressure, or the pulmonary venous pressure,
18 raised 1n cats or dogs, there is a small fall of blood pressure and heart rate
This effeet is abolished by cutting the vagi The phenomenon has been verified
hy all the investigators who have studied it (Churchill & Cope, 1929;
Schwiegk, 1935; Schweitzer, 1936; Daly, Ludany, Todd & Verney, 1937;
Parm, 1947; Aviado et al, 1957) but the response 15, apparently, unreliable
That.1s to say, 1t 15 variable in size and does not appear in every preparation
There 13 no cerfarn indication of the nature or anatomieal position of the sen-
sory receptors, though they may be left atrial receptors '

There are now many satisfactory records of impulees in afferent nerve
fibers from receptors 1n the great vemns and atria (Amann & Schaeffer, 1943;
Whittersdge, 19187 Jarisch & Zottermann, 1918; Dickinson, 1950; Neil &
Zottermann, 1950; Dawes & Widdicombe, 1953: Paintal, 1953, 1955, 1957;
Coleridge, Hemingway, Holmes & Linden, 1956) In the cat these end organs
are certainly present mn the left atrium, but m the dog they oceur mainly n
the pulmonary vemns (Coleridge et al, 1956) They are of two types Type A
is eharacterized by the presence of an « volley 1 time with the ¢ wave of the
venous pressure pulse, these are pressure receptors The discharge of type B

57
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reeeptors bears a lmear relationship to atrial filling, and Pamtal therefore
concluded that they are streteh receptors which signal atrial olume disten.
sion Some of these fibers eross over to run up in the right vagus, as well as
the left

We have here a possible afferent limb for the pulmonary depressor reflex
(1t 15, however, only fair to say that there is no certain evidence that exeita-
tion of the left atral receptors causes a fall of blood pressure and heart rate)
Other candidates are pulmonary arterial pressure receptors, whose existence
has been very mfrequently reported We are on less sure ground when con-
sidering the physiological utihity of this reflex If the left atrial pressure rises
too high, pulmonary edema ean ensue So the reflex might be designed to
1ehieve too great a left atrial pressure, by causing peripheral vasodilatation
and a fall 1n cardiac output

PuLymonary DEFLATION RELCEPTORS

In 7955 Pamtal identified certain vagal afferent fibers in the cat’s lung,
which were sensitized by deflation The method used was unusual In 1951
Dawes, Mott & Widdieombe had shown that injection of various aromatic
derivatives of guanidine and isothiourea caused rapid shallow breathing on
injeetion nto the right atrium, but not mto the left This rapid shallow
breathing was abolished by cutting the vagi In an attempt to identify the
afferent fibers Paintal noticed that one of these drugs, phenyl diguanide. con-
sistently produced activity 1n certamn otherwise mnactive afferent fibers of low
conduction veloeity, within 3 seconds of the time of injeetion The localization
of the sensory receptors to the lungs was suggested by this very short latent
period Subsequent investigation of such fibers showed that they were not
excaited by mflation of the lungs, but were briefly excited by deflation They
were not excited by O, lack or CO; excess, but they may be sensitized by pul-
monary congestion Injection of a suspension of potato starch, to cause multiple
minute embolism, also caused repetitrve discharges from these fibers Paintal
surmised that phenyl diguanide reached the deflation receptors near the alve-
oli from the pulmonary capillaries On the present evidence I still feel a slight
element of doubt about the name which Pamtal has given to these nerve-
endmgs, deflation receptors He has shown that they are also exaited by eardio-
vaseular changes What 1s therr prineipal physiologieal function, to signal
changes 1 the airways or i the eirculation? They are quiescent under normal
physiological conditions at rest Do they perhaps become active during exer-
cise (which 1s difficult to simulate 1 the experimental animal) ¢

Now 1njections of amidimes (such as phenyl diguanide) and wothioureas
give rise not only to rapid shallow breathing but also to a fall 1n blood pres-
sure and heart rate Part of tlus fall of blood pressure and heart rate is due
to an action on sensory receptors in the lungs, and 1s abolished by cutting the
vagi The question then arises as to whether exeitation of pulmonary deflation
receptors causes not only rapid shallow breathing but also an effeet upon the
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enrdiovascular system, Until the publication of Paintal’s paper I had heen
fairly certain that the cardiovaseular effects of drugs snch ax pheny 1 dezuanide
required the exmtence of other pulmonary sonsory reeeptors {Danes & Mott,
1950; Daves, Mott & Widdicombe, 1951; Dasces & Comroe, 195£), bt the
evidenee v not conclussve on this prant We must, therefore, scknouledpe the
possibitity of a cortain degree of control of the heart and systemie circulation
by mesns of a reflex anising from receptors in the luwe, which can be exeited
by deflation, by multiple embohisr or by drugs

Injection of amuclines such as 2 a-naphthyl ethyl Iothioures or phenyl di-
guanide doey not eause any change in pulmonary arterial pressure {Dawes,
Mott & Widdicombe, 19513, nor does it change pulmonary vascular resistante
agnificantly {Harer & Nusser, unpublished) Therefore this reflex does not
eomstitute 8 negative st for awmt 1 of the pulme-
nary esreulation

Tt is surprising, of indeed 1t 1s true, that deflation of the lungy should eanse
& reflex fall of systemic blood presure and heart rate, yet this suggestion fifs
well with some interesting new evidence

Thyn ol 1

TACHYCARDIA AND ANOXIA

Anoxie anoxa causes an inereave in keart rate, and tlas has heen thonght
by some to be due to stimulation of aortic and carot#l chemareceptors How-
ever Heymaps, Bouckaert & Dautrebande (1931) showed that when the earotid
hody was exeited by wtravenous mjeetion of various drags, the heart rate de-
ereased Recently Daly & Reott (1558) have analyzed the eaunse of amoxse
tachyeardia They chowed that in dops shose Iungs were artifierally venti
lated, perfusion of the earotid bodies with anoxte blood caused a prafound
fall of heart rate But in dogs breathing spontancously there was an increase,
# decrease or no change in heart rate Their experiments suggested that the
eardio-ateelerator response was due to a *'streteh reflex from the lusey result-
my from the increased depth of breathing (Anrep. Paseusi & Rossler, 15963,
and was abolsshed by severing the pulmonary branehes of the sagy The tachy-
eardsa of anoxua wos thus sttributed to a reflex, avising from pulmonars re-
zeptors, and excited by hyperpnoea Here we way have the mverse image
of Paintal’s hypothesis, a reflex inerease m heart rate cansed by hyperpunea,
w place of & reflex fall 1 blood pressure and heart rate mduced by deflation
of the lungs There 15 no evidence to show whether the sensory pathway 15 the
sane

Rerrex CoxTROL OF THE Pristonany Cirevratioy

Fmally, I cannot resist a word or two about reflex eontrol of the pulmonary
eirentatios Most tnvestigators now adsut the fact that the pulmenary blood
vessels have tone, and therefore the possilnhity that this tone ean be altered
For many years 1 de Burgh Daly has sought, and found, evidanve in the anes.
thetized dog that the pulmonary vaseular resistance can be eontrolled by ex-
transie nerves Doth rietor and dglat 7 have
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been demonstrated in preparations designed to eliminate the passive effects
of changes 1n pulmonary flow, in ventilation, and in the tone of the hronehial
muscles, bronehial vessels or systemie arterial pressure (through eommunicat-
ing channels) Recently Daly & Daly (1957) have produced direct eyvidence
that stimulation of the carotid body chemoreceptors (by perfusion with venous
blood) eauses a decrcase m pulmonary vascular resistance, This response was
abolished by eutting the carotid smus nerves or the cervieal vago-sympathetic
trunks or by admmstration of atrapine It was concluded that the efferent
are of this reflex was mediated by vagal cholinergie nerve fibres Here at long
last is direct evidence in the experimental ammal for reflex control of the
pulmonary eirculation There 15 one word of cautron however, which Daly &
Daly add, that they were unable to designate the vaseular territory involved
n the vasodilatation
ConcLusiox

I

In these few mmnutes I have briefly mnentioned a number of complex mech-
anisms It 15 elear that we do not yet understand them fully, but I would
suggest one conclusion to whieh 1n the future we may be led, namely, that
the pulmonary ecireutation 15 by no means the passive velucle for blood flow
which some have supposed The pendulum swings and the evidence now points
the other way, towards a dynamie control of the pulmonary blood vessels, and
tonards some degree of reflex control of the heart and systemic errculation by
sensory receptors within the lungs
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been demonstrated in preparations designed to eliminate the passive effects
of changes in pulmonary flow, 1 ventilation, and in the tone of the bronchial
museles, bronehial vessels or systemic arterial pressure (through communicat-
ing channels). Recently Daly & Daly (1957) have produced direct evidence
that stimulation of the carotid bodly chemoreceptors (by perfusion with venons
blood) causes a decrease in pulmonary vascular resistance, This response was
abolished by cutting the carotid sinus nerves or the cervieal vago-sympathetie
trunks or by administration of atropine, It was concluded that the efferent
arc of this reflex was mediated by vagal eholinergie nerve fibres Here at long
last 15 direct evidence 1n the expertmental animal for reflex control of the
pulmonary eirculation There 15 one word of caution howeser, which Daly &
Daly add, that they were unable to designate the vaseular territory imolved
m the vasodilatation
CoxcLusion

In these few minutes I have briefly mentioned a number of complex mech-
amisms. It 1s clear that we do not yet understand them fully, but I would
suggest one conclusion to which m the future we may be led, namely, that
the pulmonary ewrenlation 15 hy no means the passive veluele for blood flow
which some have supposed The pendulum swings and the evidence now points
the other way, towards a dynanue eontrol of the pulmonary blood vessels, and
towards some degree of reflex control of the heart and systeme eireulation by
sensory receptors withun the lungs
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In using the caleulated resivtance to study the effeets of a stumulus o the
pulmonary vessels, a ehange in this number has been frequently equated to 8
change in vessel tone But since the yuantities used in the calenlation are con-
tinually varying, it 15 probable that the tone is more closely related to the
nstnntancous resistance ta flaw By this reasoning, the mean ressstanee obtain-
ng in any fimte period 13 that defined by equation (3)

T 1T {I’.\‘ ~ LA
= il TN inbA S ¥ | 4 3
Tﬁ Rt = 5 f 3 . ®

where Ry == mean pulmonary vasceular ressstance
R, = mstantancous pulmonary saseular resistanee

Hy =

Eguations (2) and {3) are obwously dissunilar By equating the two ex-
pressions it ean be demonstrated that the calenlated and mean vesitanees wiil
be equal enly when the resistance is constant or the rate of flow s fixed Since
the realization of outher condition s unlikely, the ealeulated and wean re-
siatances will probably never be exactly the same.

The practieal importance of this mequahity s uncertam, smnce the measure.
ments necessary for the calenlation of mean resistance cannot be made But
this anslysis served to remund us that changes sm the ealeniated rewistance
wust be interpreted with caution Although this number 1s a useful toal for
studying the pulmonary vessels, it ean probably not be wsed for assessing
alterations n totie In Any exact way

A second Qifficulty encountered m studying the pulmonary eirewlation is;
known to have practical importance It concerns the multiphieity of factors
unrelated to the tone of the vessels which ¢an mfluence the calenlated reast-
ance to flow Dr Burton has already talked about these factors Among the
factors winch can he monitored when studying human subjects are those
hsted in table 1

TABLE | —Faetors Other Than Voseular Yone Which Can Affect the Relation Between Pressure
and Flatg s the Pulmonary Fesaels

(1) Rate of putmanary blood fiow (5) Extra vasculor pressure within the at
(2} eart rate veoh and thorax
{3} Pressuse 1n the Jeft atrium {68} Central hlood velume

{4} Conatriction or drtatatson m the systeme
oireulation

Of all of the histed factors, the most troublesome 15 the rate of pulmenary
blood flow The effect of this vanable on the pressure-flow relation 1s shown
m the eurve m fizure 3 This curve way sketched by nsing data obtamed from
two types of studies In the first, the pressures and flow mn the pulmonary
eirculation were measured m patients who had undergone prenmonectomy,!
antd 1 the seecond, the same variables were measured in pormal sabjects in
whom the blood flow through one lung had been temporanly stopped 23 In
both studies, the flow through one lung approximately doubled, yet the pulmo-
nary arterial pressure inereased Jess than 50 per cent On the assumption that
the teft atrial pressure was not greatly altered, thewe data mdicate that when



Physiological Factors Regulating Pressure, Flow and
Distribution of Blood in the Pulmonary Circulation

By Harry W. Frirrs, JR,, AxD AxprE Counvaxp

Tmsm: 1S LITTLL DOURT that the tone of the peripheral arterioles plays an
mmportant part m regulating the resistance to blood flow mn the systemiwe
cirenlation Whether the small vessels of the lungs exercise similar control
over the pulmonary vascular resistance 13 less certain Many physiologists
who have studied the pulmonary vessels have concluded that these vessels
lack the capacity to dilate and constrict Henee, with the importance of tone
uncertam, the control of the pulmonary circulation has remamed a matter
of debate

The purpose of this presentation will he to review the evidence that tone
plays a role in regulating the pulmonary vascular resistance The discussion
will be himited to observations made 1n normal man First, the methody whick
have been used to study the problem will be examined, then the evidence
for constriction and dilatation will be presented and assessed

EXAMINATION OF METHODS
Most studies of the human pulmonary eirculation have entailed the measure-
ment of three variables (1) the pressure i the pulmonary artery, (2) the
pressure cither n the left atrium or at the end of a wedged catheter and (3)
the rate of pulmonary blood flow  With these variables the pulmonary vascular
resistanee has been caleulated This ealeulation 1s shown below

PAy — LAy
Re= —F 4 1
=T o )
Re = ecaleulated pulmonary vascular resistance
P Ay == mean pressure 1 the pulmonary artery
LAy = mean pressure in the left atrum
Qy = mean 1ate of volumetric blood flow
A more general form of this relation 1s shown 1n equation (2)
T
'1'_/ Padt— 4 [ Lo
e @)

/ Qat

PA, = mstantaneous pressure in the pulmonary artery
LA, == mstantancous pressure in the left atrium
. = instantaneous rate of volumetrie blood flow
T = length of the fimte period over which the measurement is made

This wmtestigation wat supported by a research grant (I-2001(C]) from the Natwnal
Jeart Institute of the National Instifutes of Health, Public Health Service
62
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CONTROL ‘l HYPOXIA
ARTERIAL 100 i
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Fig 2 —Effect of acute mduced hypoxia on the arterial oxygen saturation, pulmonary
artery pressure, eardiae index, and heart rate The study was performed on a man helieved
to have & stormal pulmonary ereulation

ture of 12 per cent oxygen m mitrogen for 20 minutes, his arteral bloed
oxyhemoglobin saturation liad fallen from 98 to 68 per cent During the same
period, the mean pulmenary arterial pressure had risen to almost twiee the
resting value Further, the cardiac output, the heart rate, and the ventilation
were moderately augmented, while the pulmonary wedge pressure, the brachial
arterial pressure and the central hlood volume were not changed

The nterpretation of the data 1s eomplicated by the faet that several vari-
bles were altered Apart from the pulmonary hypertenston, the most important
of these changes was the 35 per cent inerease 1n flow Aceording to the curve
1n figure 1, however, this merease was not sufficient to account for the rise 1n
the pulmonary arterial pressure Hence, 1t seems reasonable to believe that
hypoxia constricted the vessels of the Jungs

Similar observations led von Euler and Laljestrand ® to suggest that Jocal-
1zed hypoxia might play a role in the distribution of the total pulmonary blood
flow They postulated that in hypoxic areas the vessels would be constrieted,
and that part of the blood normally flowing through these channels would be
shunted through vessels 1n other, better aerated parts of the lungs This hy-
pothesis has been tested 1n both man 1* and animals 1119 by allowing one lung
to breathe an hypoxie mixture Although the results have been conflicting,
most suggest that constrietion takes place m the vescels of the hypoxie lung

In most of the studies which have been earried out with umlateral hypoxia,
a number of assumptions have been necessary In order that these assump-
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2RI~
MEAN
FLOW
R=Value measured
at rest
R~
1 1
R 2R

MEAN PULMONARY
ARTERIAL PRESSURE

Fig 1—Schematic drawing of the relition between mean pulmonary artesil pressure
and mean flow 1n the pulmonary eirculation of normal man

the cardiac output mereases to twice the resting value, the calculated vaseular
resistance concomitantly falls
In summarizing these remarks on methodology. three points ean be made

(1) The caleulated resistance 1s a useful tool for studying the tone of the ves-
sels, but it will probably not reflect an alteration i tone mm a preeise way.
(2) Constriction or dilatation ean be suspected whenever a stimulus displaces
the pressure-flow pomt from the general area of the curve in figure 1 (3) When
such a displacement has been effected, 1t 15 necessary to consider the possibihity
that one of the factors listed in the table caused the displacement to oveur
Only after this bihity has been exel l1satr able to assume that there
has been an active change m tone

EVIDENCE FOR VASOCONSTRICTION

The response of the human pulmonary vessels to acute, induced hypoxia
provides strong evidence that these vessels can eonstrict *# Such a response 1S
shown 1n figure 2

These results were obtained from a study performed on a man, age 33, who

was believed to have a normal pulmonary eirculation After breathing a mix-



THE PIYSIOLOAY OF TIF TULMONARY CIRCVLATION 67

Eight patients believed to have normal hearts and dungs were studied
Each breathed into a mouthipiece for two 20 minute periods, separated by 2
13 minute mterval of rest In one period, 21 per cent oxygen in nitrogen was
administered, and in the other, a mixture of 12 per cent oxygen in nitrogen was
<upplicd In each of these periods, pressures and flow were measured, then
acetyleholine was infused inte the main pulmonary artery at the rate of
5 mym. per minnte, During the infusion the measurements of pressure and
flow were repeated The results of one of the studies are shown in figure 3

ROOM AIR HYPOXIA
. ARTERIAL 100 -—F ]
OXYGEN o0 ] § ! 1
. SATURATION Vo ! .
" lper cent) i i b

69 ¥ 1 + H

! “ P B
! PULMONARY | !
| ARTERY 39 oo 1
{ PRESSURE 20

(mm HgY .
H 10/ ;
i o b [ ama
i 8 b E 3o
{ GARDIAG OUTPUT 5 . o
L ttemn) 8 Lo ————a
! N e
I o .ot
} ACETYL CHOLINE 035 ‘
U tmam/mind o L L =
{ Q E] 10 1520 ° 5 15 0 .
i TIME (min) TIME {min} :

Fio 3.—~Effeet of acetyliholine and acute ;nduced hypoxia on the arterial oxygen saturation,
pulmonary artery pressure, and eardidc output. The study was performed on o man belseved

10 have a normal pulmonary eirculation

1t can be scen that while room air was breathed. acetylchohine lowered the
pulmonary arterial pressure while the cardiac output was not altered During
hypoxia, pulmonary hypertension developed and acetylcholine had a more
evident effect This striking fall was not seen n every subject, but wn almest
all some reduction 1 pressure was observed

Acetyleholine did not affect the ventilation, the pulmonary wedge pressure,
the central blood volume, or the brachial arterial pressure Moreover, in most
mytances, the eardiac output stayed constant, i a few it was shghtly in-
ereased These observations led us 1o conclude that the effect of acetyleholine
was limited to the pulmonary eirculation and that the drug actively dilated
the vessels of the lungs

Finally, the pathways whereby the effects of hypoxia and acetylchohine are
mediated have not been identified ¥t appears that one possibility can be elim.
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tions might be avoided, Dr. Alfred Fishman and other members of our lab.
oratory developed a method which combined bronchospirometry, eardiac
catheterization and arterial eannulation ¢ The bronehospirometry tube pro.
vided a means for measuring the gas exchange in each lung separately, while
the catheter and cannula made it possible to analyze the composition of sam-
ples of mixed venous and arterial hlood

When coneentrations of oxygen as low as 10 per cent were administered to
1 lung in 6 human subjeets, there was no evidence that unilateral hyposia
caused a re-partition of the total pulmonary flow.! But when in 2 more recent
study, 4 per cent oxygen was administered to one lung mn a group of 6 sub-
Jects, unilateral eonstriction appeared to occur in 4.17 In the fifth subject,
nothing happened, but in the sixth, pulmonary hypertension developed with-
out a change in the distribution of flow Hence, the mechanism proposed by
von Euler and Laljestrand does not appear to be invariably effective Further,
the response has been elicited only when the degree of hypoxia has been severe
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Eieht patients believed to have normal hearts and lungs were studied
Each breathed wto a mouthpiece for two 20 minute periods, separated by a
15 minute interval of test, In one period, 21 per cent oxygen in nitrogen waz
administered, and tn the other, a mixture of 12 per cent oxygen in mtrogen was
supplied In each of these periods, pressures and flow were measured, then
acety lcholine was infused into the main pulmonary artery at the rate of
5 mgm per minute. During the infusion the measurements of pressure and
flow were repeated The results of one of the studies are shown in figure 3,

ROOM AIR HYPOXIA
| ARTERIAL 100 Lty .
oxvcr:gr on 0 i i ¢
« SATURAT) [ —— i
tper cent) " bl T !
© i1 o
S
" PULMONARY ; .
¢ ARTERY 30 Lo A
| PRESSURE 20!
{mm Hy)
. 10 . .
; o f o
: - P
¢ N i ! R
§ GARDIAG OUTPUT ¢ . Ly
{ trmmd P i
{ 4 —e, P
! PR )
| ACETYL GHOLINE 03 ) r :
{ (mgm/min) o !
iy k] L 1 }
H 17 ) 10 § 20 o B} 10 157 20 )
{ TIME tmin) TIME (min) |
- - B JERE - R |

Fi0. 3 —Effeet of acetyleholine and acute induced hypoxia on the arterial oxygen saturation,
pulmonary artery pressute, and eatdiae cutput The stody was performed on a man beheved
to have a normal pulmonary errculation

It can be seen that while room air was breatled, acetylcholine lowered the
pulmonary artersal pressure while the cardiae output was not altered. During
Lypoxia, pulmenary hypertension developed and acet)leholine had a more
evident effect This striking fall was not seen in every subject, but n almost
all some reduction in pressure was ohserved

Acetylcholine did not affect the ventilation, the pulmonary wedge pressure,
the central blood volume, or the braclial arterial pressure Moreover, sn most,
mstances, the eardiac output stayed constant; in a few it was slightly .
creased These observations led us to eonclude that the effect of acetylchohne
was limited to the pulmonary etreulation and that the drug actively dilated
the vessels of the lungs
Fl‘nally, the pathways whereby the effects of hypoxia and acetylcholme are
diated have not been id: d 1t appears that one possibility can be elimi.
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nated on the basis of two studies whiech we have performed In the first, Dr
Fishman demonstrated that hypoxia produced pulmonary hypertension in a
woman in whom the cervieal and upper thoracie sympathetic gangha had been
resected ® In the seeond, we demonstrated that hypoxia raised and acetyl-
cholme lowered the pulmonary arterial pressure i a man in whom all the
sympathetic ganglia had been removed.' It appears, therefore, that these
ganglia are not essential for the mediation of either effect

SuMaaRY

The methods eustomarily used to study the tone of the human pulmonary
vessels have recognized limitattons Even so, the experimental evidence indi-
cates that these vessels ean dilate and constrict. But these two functions have
been demonstrated only under extreme conditions Hence, the role plased by
tone 1n controlling the pulmonary cireulation under normal conditions 1s not,
as yet, clear
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DiscussioN

SopernotM  The effeet on the pulmonary cirenlation produced by acetyl-
choline 1n artificially induced hypesia ouglit to be demonstrable also 1 cases
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With spontanconsdy ovcurring hypoventilation In such caces the effect on the
pulmovary urterial pressure might be Himited 3f the by poventilated area com-
prises enty a fraction of the total lung volame, Here, 5 more pranounced effeet
coudd be expeeted on the arterial oxygen temsion ar salnration hecause of &
change 1 yentlntion-bioml fow relationships Tlus » unider the assumption
that no effect ogeurs on the pulmonary ventilation If no effect of the neetyi-
elivlime mfusion 18 demonstrable on systemic bload pressure, thiy assumption
weemts to be vahd as shown by Fritts and associates We have had the oppor-
tunity te myestigate a patient with a perteardial eyst which compressed part
of the left lower tobe, Othersyine this patsent had no divease of the Tungs or
eardiovaseular system demopstrable clinieally or by extensne cardiopnimo-
nars function tests

The patient was studied durimg heart catheterzation both at rest aund dur-
wg hght exereise Al studies were performed 1 8 steady state both before and
during continuous wmfusien of ahout 8 mx acetylchohing/mm Newther the pul-
monary arterial pressure nor the systenue pressure were wgnificantly aitered
The cardume ontput remamned swsentially the <amie both before and Qurmg the
mfusion The arterial oxygen saruranion, hosever, showed a marked deerease
dunng acety letioline infuson bath at res? gad durng exercte (11 per cent
and 9 per cent respectecely ). At the same time the heart rate wereased, pos-
sibly because of the rather pronouneed hypoxaema

Tius case demonstrates that acetsfeholine causes vasohlanon m the lessor
ctreutation when regional hypoventilation of the Tungs exists m a patient with
otherwioe healthy lungs and eardiosasenlar systemsy

Crnamyax CoMror: D Dexter, do you have any misrmation from yeur
tudies on patients before and after surgical relief of mitra) senosws 8s to the
time caurse nf defreast m pulmonary vaseular resistance and whether this
time conrse gives any cluey as to whether the resistance 15 due to vasocotistries
tion or to organic parrowmgf

DexteR: No, reaily, except that two weeks after surzery there can be a
dramatic fall in pulmonary vaseular resistance, particularly 1f 1t had been
very fugh preoperattiely When the resstance 53 only moderately mereased pre-
vperatively, the immediate postoperative fall w mneh Yews dramane

Custestay Congoe  Ilas anyone observed a decrease of resivtance betvween
zero e and Ywo weeks?

Dexrer XNo B

Cratestax CoveoE Kot waght oceur much more quekly than that*

Dexrer It might, and we plan to leave a catheter in the pulmonary artery
durng surgery and find out how fast the pressure falls after the mutral ste-
nosls ts retieved I am not awars of this having been doue

T would Iike to 8k Dr Fritts a question Therv . one factor other than those
be listed whieh ean affect the calen} Y vaseular L and
that 15 a change of prlmonary blood \M\\me e mentioned that he bad meas-
ured 1t and that it had remamed unchanged wn ks expeliments However, ¥
wonder if he has any information as to how much of a change 1n puilmonary
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blood volume is necessary to produce a change in pressure, flow and resist.
ance relationships? In other words, is it a matter of & few cucm, or many
cuem,?

If a patient fying on the table rases his feet about 10 mehes above the level
of the table, pressures in the pulmonary arters and wedge position rise
5 mm Ig or more i the normal, and the pressures tend to come drifting back
to normal in about one-half mmute I awsume that this is due to & redistribu-
tion of blood from the legs mto the thorax. These changes are too rapid for
measurement of changes in resistance, but certainly if blood does enter the
thorax, the vessels presumably become more Qistended, and the pressure,
flow and resstance relationships become altered, as Dr Burton and Dr Sar-
noff have emphasized { would like Dr Fritts to comment on the possibility
of such a shift in intrathoracic blood volume 1n s experiments

Fritrs I cannot answer your question about the relation between the pres-
sures in the pulmonary vessels and the size of the central blood volume. I ean,
however, give you some information about the reproducibility of the measure-
ment of this volume shen estimated by the Stewart-Hamilton techmque

We made two successive measurements of the eentral volume 1 8 normal
subjeets who were resting quietly, We found that the standard Qeviation of the
differences between each pair of measurements was 9 per cent of the mean
Two standard deviations would represent, therefore, about 200 ce of blood
in a man of average size In the face of such wide variation in resting subjects,
1t seems doubtful that this method 1s suitable for measuring small changes in
the volume of blood 1 the thorax

As an alternative method, we used a tilt-table similar to that described by
Dr Fenn and Ins associates The table was quite sensitive to a change in the
relative weights of the two ends of the body, and a variety of vasoactive drugs
caused such changes to occur We were partreularly interested m the effect
of acute hypoxia In a series of 10 patrents, no effect was observed

Woop Dr Fruts, T should like to ask youn these questions Were your con-
trol subjects normal individuals? Was there no wnerease i depth of respira-
tion? 1 know that the rate of respiration was unchanged Second, did the
artertal oxygen saturation fall 2 or 3 per cent? Third, were these patients
under some sort of premedication?t Did they have barbiturates as well as a
catheter?

Frirrs To anewer these questions in reverse order, no premedication was
given The patients were basal and had fasted overmght.

In regard to the arterial oxygen saturation, the largest variation was 3 per
cent On the average, there was no change

Neither the respiratory frequency nor the tidal volume was affected by
acety Icholine

The patients had different diagnoses Each was convalescent and was be-
Leved to have a normal pulmonary circulation

Burtoxy I would like to say, following the discussion of Dr Fritts, that
many people 1n therr interpretation of changes of resistance, whether they are
active or passive, make it mueh more difficult than jt has to Le
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After all, what T am going to say is hased on a perfeetly re<peetable theorem
ot scientific phnanophy The fact of the matter is 1hmt the vewsels cannot “know’
what is happening anywhere else. There are only three things that affeet them:
one 34 the transmural pressure between the mside and the outside; the other
is the tension in thetr wall, which may be partly passise due to elasticity and
also ‘petive’ due to smooth musele; the third factor 15 their sire Of eourse,
there i3 2 relation between these three things which must exit. If one knows
what has happened to the transmural pressure, or what has happened fo the
wize, which one enn calculate from the change of reistanve, then one ean de-
dues what happened to the tension iu the wall, Then one ean often deeide
whether the change was passive or active

If the resstance went up and the blood pressure went down, that might be
‘passive * Therefore, it seems to me weful 1o put one’s seif in the position of
the Blood vewsel under consideration The only thing that ean change the size
of the vessel 13 a change in these vanables transmuwural pressure and tension
on the wall 1 think that many wmke # mueh more hiffienit than 1t has to be,

Criamyax Comror Were ) on gomy to propoese 2 way for measuring all of
these things in man?

Buntox One ean make a reasonnble guess as to whether a change in resist
ance 13 active or passive

From the wedge pressure and the pulmonary artery pressure, you know if
tlhie arteriolar pressure has gone up or down You know what has happened to
the size of the vessels, if jou ealenlate your resistance eorrectly, which not ali
peaple do So 1 think that m most of these problems you have enough to have
a defimute ansner Of course, there are some cases where it turns out that yon
eannot be sure

Ssrxorr 1 thnk that one of the most intriguing things mentioned this
morning 15 Dr Dexter’s observation on the rise of pressure m the pulmenary
artery Could it have resulted from a change m mtrathoracie pressure?

Dextea It may be, a3 you say a change wn intrathoracic pressure Cer-
tamnly when the subjects hit thewr legs they tighten therr ahdominal museles
When the feet rest on a support, the musculature relaxes, but it ¥ possible
that there still may be & ~hift of the abdomnal viscera headwards, a rise of
the diaptiragm, and rise of intrathoracie pressure on this basis These have
been casnal obsersations on our part,

ForsTER. We have been interssted i the relationship between the hlood
flow and the difuning capacity One aspeet of tlng relationslup which in-
trigues me a great deal is the difference between the ehanges m the iffusing
capaeity for oxygen and those for the diffnsing eapacity for CO, with exereise
or inerease 1n cardiac output At the moment I rather suspect the explana.
tion bies i the ehemieal reactions of the red cell with O, and ('O Dr Norman
Stayb and Dr John Bishop have dmeloped a very elegant apparatus for meas-
uring the rates of nptake of O, by red cells and we hope to have some answers
on this i the next six months

1 nould like to mention one other sub-question which 15 always in my mind,
and that coneerns the anatomeal site of the major vascular rewistanece in the
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lungs T am not sure just where everybody thinks it is Apparently 1t is not
always m the capillary bed We have, for example, seen patients who had a
normal diffusing eapacity, which implies a normal eapillary bed, and at the
same tinte, a rawsed pulmonary artery pressure We have also scen patients,
of course. With raised puimonary artery pressure, plus damage to the capillary
bed Too often, I think, we equate any ehanges in the vascular resistance with
damage to the capillary bed and I suspect that the capillary bed is not the
major source of the vaseular resistance in the lungs

Craryax Cosror Before you get off the subject of the masimal diffusing
eapacity, Dr Forster, 1t seems to me that Dr Riley"s concept 15 a very impor-
tant one It would be very helpful 1if we knew something about the surface
area of the capllary bed at rest, whether it ean increase, or whether the bed
15 essentially a fixed one The concept of maximal diffusing eapacity or Just
of whether the diffusing capaeity can increase at all is a very important one
in this respeet, espeeially 1n pattents with eardiopulmonary disease

In view of the curve that Dr. Fritts showed of pressure and flow through
the puimonary vascular bed, do you believe that there is a limit to mnerease
m snrface area of pulmonary capillaries i contact with ventilated alveoh?

It 13 obvious from the pressure and flow measurement that there is a
pertod 1in whieh flow can increase considerably—two or possibly three times—
with little inerease i pressure, this presumably comes about by an inerease
m the vaseular bed, ineluding possibly an 1ncrease in the size of open capil-
laries or an opening of previously closed 1essels

There must come a pomt at which they reach therr practical Yomt of dis-
tensibility and then an merease m flow 1s achieved largely by an increase in
pressure rather than by further dilatation At this point, the diffusion eapacity
should rise less steeply as pressure increases FHow would you nterpret diffu-
sion studies in hight of these curves?

Forster 1 think there is no question that eventnally there is a limit to a
man’s diffusing eapacity as pulmonary hlood flow rises

The fact that pulmonary pressure (or resistance) does or doesn't rise as
pulmonars blood flow mereases, dees not necessarily indieate changes o the
pulmonary eapillaries because the resistance may not be in the capillary bed
at all If blood flow and diffusmng capacity are measured at mereasing lIevels of
exercise a limit w1l be reached eventually and I expeet the eurve wounld hase
a flat top or plateau just as Dr Riley has found Unfortunately, because of
the poor health of mdividuals in Philadelphia, we haven't gotten to that mgh
& bloed flow, and apparently, I believe, only the Swedes work that hard How-
ever, we have some visitors m Pluladelphia who may run this hard, and per-
haps we will find the platean At the moment, up to a cardiac ontpmt close 1o
18 or 19 L /min, we have not seen any mdieation of a platean at the top.
which mdieates to me the pulmonary capillary bed has stmply not been ade-
quately strained by these levels of eardiae output

Burtox I wanted to see whether I could brmg Drs Riley and Forster down
to earth from the clouds of caleulations of diffusion of oxygen mn the blood
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sream and into the red eell, down to the solid carth of a realistie view of
blood flow 1n the eamllaries !

After all, what do they mean by diffusion through the blood stream, when
the lung eapillaries are just abont the size of the red cell

There 1an't any “*stream’” m the capiliaries Tt 13 ke oysters going down
one’s esophagus T am very sure the red eell isn't its wsual diseoid shape at all
in going through the eapiliaries, 50 what de they mean by the diffusion “in
the Wood stream’’ and “across the red cell”’? T wouldn’t be surprised if the
red eoll was eonsiderably churned up insude asat gaes along. T wonder what real
validity such calenlutions of diffusion mto a red cell have, m this problem
of duffusion 1 the lung camtiaries e

Ciamsax Cosroe  Dr, Dexter, don’t you helieve there 13 evidence that
there 15 actually axial streammngz n the puimonary eapiilary from your experi-
meuts on the hematoerit of pulmanary blood t

Deatir  Tliere 1y good evidence, ndeed, that there 13 a change n the pulmo-
nary hematoerit and therefore axial streaming in the small pulmonary vessels,
but T don’t think this bears on the oyster problem

In small blood vessels of the systemie cirenlation, turbulent flow exists in
the sense of random distribution of the red eells in the stream, even though
the Reynold’s number 15 very low It is not turhulent in terms of the Reyn.
old’s number but turbulent m the sense of random distribution of the red
cells at very low flow rates Tagree with Dr Burton that in the systemic eapl-
lares, red cells are just squeezing through The pulmonary capillanies are
much ngwer, however, than most of the systemie eapillaries

Citarvay Couroe Dr Riles, has Dr Burton brought you down to earth?

Riey I have been up m the elowds all right, but not so much mn this par-
ticular area This 1s Dr Forster’s arca of eelestial thinking There 13 just one
thing which would bring me defimtely down to earth, namely, 1f somebods
could turn up a blood disease, a red eell disease, whieh looks like a diffustonal
diffienlty 1n the lung, because this might lead us to a very valuable distinetion
hetween the things that we beiieve to be going on within the blood and those
which are going on 1n the pulmonary membrane

Forwter If you compare the reaction rates of O: or (0O with the reduced
b <olutions, where the Hb molecules are exposed to the gas molecules right
n the vicimity, with the reaction rates when the red cells are exposed to the
same gas tensions, 3ou will find the latter to be many times slower This 1
Lecause the high coneentration of the Hb 1n the red eell mops up the 0; or CO
m the more superfictal portions of the cell, decreasing the gas pressure gradi-
ent and slowing the overall process

Now, a3 to a disease of the red cells affecting lung gas exehange, Dr Eliza-
beth Gerst mn New York as well as our own group are investigating this
possibihity There 13 one eommon cendition of this sort right under our noses,
and that 15 anemia In anemia the Affusing eapacity for CO 15 less than
normal, presumably because there 15 a deerease m the amount of hemoglobin
which 13 available 1n the eapillary bed to combine with the gas. The rate of CO
uptake depends Jargely on the rate at which CO can react with the red cells
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I assume the diffusing capacity for O also decreases in anemia although I am
not anare that anybody has ever actually made the measurements,

Cnarrman CoMroE. Dr. Burton, I have a mental image of photographs
published by Parker and Weiss many years ago, in which it was shown that
1 mitral stenosis there were capillaries in the lungs with 4 or 5 red blood
cells abreast

Burron I was interested in the electron microscope picture you showed
us. It seemed to me that those capillaries were mueh wider than I thought Jung
capillaries to be The red cells had lots of room on the inside, didn’t they?

CuarMAN CodroE- I cannot say That was made by Dr. Low of Louisiana
State (Anat Rec 117:241-264, 1953).

Burron My point is that calenlations made on discoid red cells are simply
academic in this connection. To me it doesn’t have anything to do with these
oysters gomng down the esophagus The red cell 1sn’t in a stream any more,
and its wall 15 actually in contact with the capillary wall I don’t see how
the calculation made in connection with the red cells in free suspension can
have anything to do with this diffusion resistance in the red cell mn a eapillary.
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IT 18 FITTING that this conferenee on pulmonary hypertension has included in
1t a panel on pathology In the first place, pulmonary hypertension may be
eategorized on struetural grounds 1 sueh a way as to make the classification
useful from the functional aud climeal pomnts of view In the second place,
the basis for elevation of pulmonary blood pressure frequently and perhaps
always depends on morphologie alterations

This paper will present a elassification of chronie pulmonary hypertension
and also will deseribe the essential anatomie features of the various segments
of the normal pulmonary sascular bed The parts of the paper will serve as
pomts of departure for the three climieal panels to follow and as specific refer-
ence points for certamn presentations m both this panel and those to follow

CLASSIFICATION OF PrLyoxary HYPERTENSION

The term *‘pulmonary hypertension’’ usually 1mplies ‘‘pulmonary arterial
hyperten’s—mn " In some conditions, elevation of pulmonary venous pressure
aceompanies pulmonary arterial hypertension In other conditions the pulmo-
nary venous pressure 1 normal

The pulmonary arterial blood pressure_depends on the volume of blood
flow, per unit of time, through the arteries and on the resistance to that flow
1t 15 theoretically possible for the pressure to merease m the presence of nor-
mal resistanee 1f the flow 15 very greatly mereased As a practical measure,
however, when pulmonary hypertension oceurs there is nearly always in-
creased resistance to flow In some mstances the volume of blood flow may be
1 excess of normal, while 1n many 1t is either normal or below normal In
view of the foregoing considerations 1t becomes apparent that a classification
of pulmonary hypertension may readily be expressed 1n terms of inereased

k¢
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1 assume the diffusing capacity for O. also decreases in anemia although I am
not aware that anybody has ever actually made the measurements

Cuarman Comroe: Dr Burton, I have a mental image of photographs
published by Parker and Weiss many years ago, in which it was shown that
in mitral stenosis there were capillaries 1 the lungs with 4 or 5 red blood
cells abreast.

Burtoxn. I was interested in the electron microscope picture you showed
us It seemed to me that those capillaries were much wider than T thought lung
capillaries to be The red cells had lots of room on the inside, didn't they?

Cnamyan CoMroE. I cannot say. That was made by Dr. Low of Lowsiana
State (Anat Rec. 117:241-264, 1953).

Burtoxn + My point is that ealeulations made on diseord red cells are sumply
academic 1n this connection To me it doesn’t have anything to do with these
oysters going down the esophagus The red cell isn’t 1 a stream any more,
and its wall 1s actually in contaet with the eapillary wall. I don’t see how
the caleulation made 1 connection with the red cells in free suspension can
have anything to do with this diffusion resistance 1n the red eell in a capillary



TIE PATIIOLOGY OF THE PULMONARY CIRCULATION 77

tolte pressure is transmitted to the pulmonary artertes. In atrial septal defeet
such transmission of pressure is not possible

In nneomplieated atrial septal defeet the pulmonary vasenlar pesstanee 15
low or normal <o that in spite of large volumes of pulmoenary blood flow the
pressure 18 not elesated It is only as a resnlt of complicating obstructive
lesions in the pulmonary arterial and arterolar bed that the pulmonary vas-
enlar resistanee (and pressure) rises in atrind septal defeet

The term prlmonary discase as used here meludes chrome parenchymal
divease resulting 1 Joss of functiomug pulmonary substanee, and 1t weludes
variows obstructive lesions of the pulmonary arterial and arteriolar bed The
vaseular lesions result from pulmonary embelism, possibly from thrombosiy
of small pulmonary arteries, from wliopathic mtimal prohferation, and from
sarious forms of arteritis

When pulmonary hy pertension oceurs on the bass of pulmonary disease
the site of elevated resistance varies wath the speerfie condition It may lie at
arteral, avteriolar or possibly eapitlary levels

Axatouy oF e Priyosary Vascrnar Bep

The normal postnatal pulonary vaseular bed has anatomie qualities whieh
correspond with the fact that functionally 1t 1s a low resstance system More-
over, the fact that the small arterses and the arterioles are equipped with
Iittle muscle 15 supportive of the fact that only very low ranges of vasocon-
strietion are possible i they part of the enculatory system under normal
creamstances

The major pulmonary arteries and their branches that accompany the ear-
tilamimous bronehi are elastic arteries They are characterized by medial layers
that have many laminations of elastic tissue and that in a general way may be
saud to hear some resemblanee to the medial layer of the aorta That ymportant
differences 1n detail exist 1 this layer, depending on the category of pulmo-
nary hypertension, will be brought out in Dr Heath’s presentation n this
panel The elastic arteres branch to form the muscular arteries The latter
are characterized by their medial strueture The media 15 composed of a eir-
eular layer of smooth muscle bounded by external and internal elastic lanunae
The structure of the normal pulmonary museular arteries stands in contrast
to that of the systemic arteries of comparable ealiber by virtue of the thin
media of the former Musenlar arteries of the lung vary from about 100 to
1000 microns in diameter The largest ones accompany bronchioles while the
smallest accompany alveolar ducts

The arteroles branch from the small musenlar arteries and primarily aceom-
pany the alveolar sacs The proximal part of the normal arteriole shows a
structure qualitatively hike that of the muscular artery from which 1t arises
Here the arteriole 12 equipped with a thin museular media This gives way
to a pattern in which no identifiable musele 15 present Beyond the level at
whieh a muscular media 15 present the arterolar wall 1s composed of hming
endothelium, a small amount of supporting collagen, an elastie laver and a
thin collagenous adventitia i
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pulmonary vaseular resistance, which may result either from obstruction of
blood flow by structural lesions or from rednetion in the amonnt of function-
ing pulmonary tissue

The following condittans eause ot are assoetated with mereased pulmonary
vaseular resistance

1 Obstruction to venous flow
2 Congenmital septal defects of the heart or great veesels
a} Unolntructed commumeation betwieen the ventrieles or the great astenes
b} Interatrial commumentions
3 Dulmonary diveases
a) Parenchymal
b) Vawcular

Further presentations m this panel and in those to follow will define in
detanl the functional and structural eharacterities of the foregoing types
of pulmonary hypertension However, a few mtroductory remarks about each
may be appropriate here
‘(/Obs[rurh'on to pulmonary venous flow is caused by mauy conditions, ae-
yquired or congenttal Common acqutred conditions are mitral stenoss or insufi-
crency and elevation of left ventricular iastolte pressure, as in chronic left
ventricular failure. Congenital conditions include varions disturbanees of the
mutral vale, endocardial sclerosts of the Jeft ventricle and stenotic lestons of
the pulmonary veins

Tt 25 only in this category of pulmonary hypertension that there is elevation

|01‘ pulmonary venouns and capallary pressure In the remaimng two categorics
the pressures m the pulmonary vems and camllaries are normal nnless, hy
chanee, there 15 a comncrdental element of obstruction to pulmonary veneus
flow When there 15 obstruction to pulmonary venous flow, two zones of high
resistance exist One hies at the site of the primary lesion, and the other at the
pulmonary ‘*arterolar’? level

Not all congemifal septal defeets of the heart or great vessels are associated
/\\nh pulmonary hypertension When communieations exist between the ven-
tricles or the great arteries the mmportant distinetion revolves about the siz¢
of the eommumeation When such an opening 1s small the pulmonary eirenla-
tion 1s protected from the left ventrieular pressure by the obstructive charae
ter of the small opening, and the pulmonary arterial resistance and pressare
are pot elevated When, on the contrary, the opening 18 large enough not to
have an obstructing quality, the left ventrieular systolie pressure 1 trans-
nutted to the pulmonary arterial system The volume of pulmonary blood flow
vartes mversely with the level of pulmonary vascular resistance. Resistance
varies considerably from case to ease, but m each 1t 13 increased to a degree
at the arteriolar level

1n any consideration of the dynamics 1n patients with eardiae septal defeets
the condition. atrial septal defect, on the one hand, must be kept separate from
ventreular septal defect, patent ductus arteriosus or functionally related con-
ditions, on the other hand In large ventricular septal defect or funetronally
similar conditrons the anatomie arrangement 1s such that left ventricular sy



Relation of Bronehial to Pulmonary Vaseular Tree

Iy Ao AL Laesow, M. R Hawss, axp W, K. Brovssr

Hat THE LUNas have a double source of bload must be consulered in the
Tnm‘mpr to usderstand the total ecomomy of the pulmenary csrenlation
Normally, the “private,” or bronelual esreulation is relatnely wmall as cen-
trasted Wwith the pulmenary acterwes and vens, which are in the “pubhie”
serviee of pas exchange for the bods ag a whole In the abvence of disease,
preeapillary eonnections hetween the two systems are diffieult to demonstrate
and are helteved by many to be only by meaus of eapiilaries, m the recion
of the respiratory bronchioles !

In disease, theee are at least two general conditions when the bronchial err-
eglation 1s stumulated to expand (1) nwhen new fivsue ss formed and {(2) shen
the pressure in the pal ¥ arteries Iy ¢l hed For convenence sn this
disenssion, ‘bronehial arteries’” wall refer to all syotense arterses that supply
or bevome related to the Jungs

Reutations oF PULMONARY AND SYSTEMIC ARTERIES
Anatomic Observations sn Man

Loecalized congenital communieations between systerme and pulmonary ar-
teres 1 the absence of heart disease veeur with extreme rarity Branches of
intercostal and internal mammary arterres may, honeier, erosy into the hing
within reflections of the pleura to lm-nme contiuent with the Lranches of the
pulmonary artertes Sueh ions may be a ted elint-
cally vith murmurs and appear as contorted shadows radwgraphically They
do net, however, produce the eyanows, polyeythemia, clublnng or ather
changes characteristie of the mueh more common pulmenary arteriovenous
fistulas, although they may rarely be mvelved and add to the complenty of
the latter 228

In 1 'y disease, esf 1y m br . and to a Jesser
degree as m -mch conditions as tubereulosts, to whieh ultimate hyahnwation
of granulation tissue 3 more extenstve, the bronelia) arteries expand remark-
ably while the pulmonary arteries become dumnmshed ™ Wathin diseased por-
trons of the lung, as demonstrated in vinyhite easts, the two tend to approach
each other w internat di anid precapiilary anast that may exeeed
Y mm i diameter, now develop between the twa avterial systems® (fig 1)
The stimuli 1o the deveJopment of eollaters} cireulation 1 the diseased lung
are only dimly und 1, but may be ted m part with obstruetion
of distal distrtbutions of the pulmonary artertes, m part with the dev elopment
of new capillaries as granulation tissue from the bronchial vessels, and part
to meet the need for oxygenated blood of newly formed lymphoid tissne and
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While the arterioles and arteries closely accompany the air passages, the
venules and vemns, on the contrary, are as far from the air passages as they
can be and yet be related to their particular parenchymal units.

The venules resemble the nonmuscular parts of the arterioles. The venous
trunks formed by their confluence show distinet medial layers In contrast te
the media of the muscular arteries, which has a compact eirenlar layer of
musele, the media of the vemns has irregularly disposed bundles of musele
separated by connective tissue

It is of interest to mentton the important features of the fetal pulmonary
vessels since fetal characteristies persist in the pulmonary vaseular bed
some types of pulmonary hypertension, The fetal muscular arteries and the
proximal segments of arterioles have a thick medial layer and a eorrespond-
mgly narrow lumen In the first few weeks after birth the media gradually
thins and the lumen widens By the age of 6 months, and often by the age of
2 months, the normal adult pattern already deseribed has been reached.



Relation of Brouchial to Pulmonary Vascular Tree

By Ao A Lassow, M. R Hates, axp W, B, Broover

nat THE LUNes have & double source of hlood must be considered m the
Tnuempt to understand the total economy of the pulmenasry eirenlation
Normally, the “private,” or bronchial crrenlation 1s relatnvely small as con-
trasted with the pulmonar) arteriex and veins, winch are in the *publie”
seeviee of gas exchange for the body as a whale In the absence of disease,
preeapiliary connections betneen the two systems are difficult to demonstrate
and are believed by many to be only by means of eapillinie, i the rezson
of the respuratory bronehioles !

In disense, there are at least two general conditions when the bronchial ewr-
culation 14 simuiated to expand {1} when new tiswe 5s formed and (2) when
the pressure in the pulmonary arteries 1s dumnished For comvemence i this
diseussion, **hronchial arteries®’ wall refer to all systemic arterses that supply
or become related to the lungs

RELATIONS OF PULMONARY AND S¥STEMIC ARTERIES
JSnatomic Observations 1w Yan

Laocalized congemtal communications between systemie and pulmonary ar-
teries i the abwenee of heart diseave oceur with extreme rarty Branehes of
intercostal and mternal mammary artenies may, howerer, eross inte the lung
within reflections of the pleura to become confluent sith the hranches of the
pulmonary arteries, Such wenital 1ons may be d et
cally with murmurs and appear as contorted shadows radiograplucally They
do not, bowever, produce the eyanoss, polyeythemia, clubbing or other
changes characterintic of the much more common pulmonary arteriorenons
fistulag, although they may rarely be mnolved and add to the complexity of
the latter 23

11 1
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In orgamzing pul s drsease, £9) is, and to & lesser
degree as 1 such conditions as tubereulosts, in whieh wltimate hyaltnzation
of granulation tissue 14 more extenstve, the brouchtal artertes expand remark-
ably whtle the pulmonsry arteries become dunmished 43 Within diseased por-
tions of the lung, as demonstrated 1n vinyhite easts, the 1wo tend to approach
each other in internal d ter and precapll t that may esceed
1 mm in diameter, now develop betseen the two arteral systems® (fig 1}
The stimuh to the development of collateral creculation m the disezsed jung
are only dimly understood, but may be assoeiated in part with obstruction
of distal distributions of the pulmaonary arteries, 1 part with the development
of new capillaries as granulation tissue from the bronehsal vessels, and 1 part
16 meet the need for ox) genated blood of newly formed lymphoid tssue and
79
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PP PO

Fia 1 —Cast of brouchus and vessels in bronehieetasis In the wall of a large bronehiectatic
sne 13 seen a greatly enlarged Lronchinl artery (black) which approaches in size the pulmonary
artery at the same level (grey), at “*An’’ there 13 a large anastomosis between the two The
functional 1mpli ations of these anastomoses in disease are diacussed i the test

muscle ecommon 1 such conditions as bronchiectasis, the forees operating to
meet this “‘need’’ are obseure

Other newly formed tissues, such as neoplasms, whether primary or met-
astatie, also have been found to recerve their blood supply from systemie
artertes,* ** although some have claimed that the latter are nourtshed by bleod
from the pulmonary arteries®

WWhen pulmonary arterial pressure 15 diminished the bronchial arteres en-
large and may even substitute for absent pulmonary arteries %51 In pure pul-
monie stenosis, the merease 15 only shght or moderate, even in patients who
have surined mto thewr middle forties In tetralogy of Fallot, however, the
expansion 1s much greater, possibly becanse of the higher presvalence in this
condition of thrombosis assoctated with the polyey therma Here, the anastomo-
ses with the pulmonary arteries may be relatively close to the hilum, a4 v ell
as 1n the pertphery of the lung 't Other systemie arterial collaterals, not
strietly bronchial, enter through the mediastinal reflection, pulmovary higa-
ments and adliesions, when they exist, from such vessels as the internal mam-
mary, perieardiophrenie, esophageal and intercostal Brauehes of the aorta
may constitute the sole arterial supply n atresta of the pulmonary arteries,
and this substitution by systemue vessels proceeds durmng ontogeny and may
already be well developed at birth This is explamed by the development of
portions of the pulmonary artery in connection with the postbranehial artersal

plexuses 12 L
When a pulmonary artery 1n adult man becomes shstrueted, as by embolism,
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a eolfateral eirculatson deselops, uot from other pulmonary actertes, but by
enlargement of the bronehials The meehanism of thiv expansion 15 probably
somenhat as follows: ® The onwnrd flow of blond in the bronchial artertes,
which normatly terminate i the repion of the respiratory bhronchioles, is
opposed by tue forees, (1) the frictianal resistance of the eapilary wall and
(2) the back pressare transuutted from the palmovary arteries When the
Intter forve is abrogated on oeclusion of a pulmonary artery, more blood
begins to enter through the bronehint vessely With inerease m flow, there iy an
jmerease in the caliber of the vasenlar condwt by 2 mechansm not entirely
clear, but one which has s conntespart dunng embryonte deselopment Blood
o the hronchind vessels tay then veach the aetual cespsratory surfaee w the
ahenli, wherenpan gas exchange can take place In the abrence of a lugh
sepows pressire, the lung does not wsually suffer mfaretion When yenous
presaure §s high, there 1 an additional eounterforee which resssts onvard flow
of oxsgenated biood n the bronchial vessels Furthermore, the direct oxygena-
tion of the walls of distal s passages From gases sn the fumen s impared
by the thickenusg consequent to the mereased venous pressure

Erperimental Studies of drterwl Collutornl Crrcdlation

The gquantitative ey aluatron of the volume of enllaterai blood flow 1s of mter-
est, but tlss hav been diffientt to acqmre in man, Iargely becanse, m chronte
pulmonary dhsease, same of the collatera! hlood may be presnmed to flow
largely through tisue relatnely remote from ventilated ahveolt Newly de-
seloped ndieator-dilntion teehniques should prose wseful for measuring thrs
component of the collateral cireniation

A large collateral ciremlation ean, howerer, be mduced experimentaliy
the dagr, aw well av m many other speeles, by Digating o major pulmonary ar-
tery such ax the matn arterial supply af the left lung 17 U7 The mechansm of
this expanston has already been discussed 1n relation te pulmonary embohsm,
and ix far beyvond the requirements of **Tionenstasys " The mummal value of
the blood flow can be sstimated by bronehospirometry and appropriate anal-
2ses of Dlood maves ' In the abvence of snfection. the pulmonary artery does
not become thromhoscd beyond the higature, but comes into communication
with 1astly enlarged bronchial arteries Yy tmeany of precapilary peripheral
anastomases ¥ These may represent, w part, expansions of minute, probably
previovsly eapillary, conurctions That not all of the anastomoses are neces-
sarrly prefassed is mdteated by the fact that sprouts of vewly formed vessels
growing into the lung from the mtercostal artertes by adhestons ectablish
wentical large commectians with the pulmonary arteries just as they do i the
chromeally dreased lung of man The expansion of the vessels appears to be
more ramd when higature 13 performed in the newborn ammal, suggesting the
effect of hormoual factors, some of wlhich have been investigated

Blood supplying the left lung from the aorta now has direct access to the
eapiliary bed of the respiratory surface, wiich formerly was supplied by the
pulmonary artery and where ¢ffictent gas exchange esn take place ™ When de-
saturation of the systemse artenal blood perfusing these eapillaries 15 pro-
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duced by means of deep anesthesia under sodium pentobarbital (35 myg /ke ),
oxygen will be absorbed Flow in ml./min. can be ealenlated by employu
modification of Fiek's formula

a

Effective Bronchial Arterial Flow, EB . = ?b (100),

where a equals ml O absorbed per mmute when the left lung 1 supphed by
pure oxygen through a bronchospirometric cannula, c, the oxygen content
(1n mL/100 ml ) of blood leaving the lung, and b, the oxygen content of blood
entering the lung

Under the conditions of the expariment, b 15 the same as the oxygen content
of systemic arterial blood, which is easily available; ¢ is assumed to be the
same as oxygen eontent of systemic arterial blood when both lungs are respir-
mg oxygen, and this can be measured during a period 1mmediately following
the first part of the procedure It 15 most unlikely that e ean be higher than
this value, since 1t 1s evident from angrographie observations that a consider-
able part of the bronchial arterial blood perfuses the walls of the broneht
where 1t 15 1naccessible to direet oxygenation 22 23 Consequently, e-b 15 actually
less, and the true bronchal arterial flow greater, than determmed by the
method just described.

By the use of this formula, the collateral blood flow mn the left lung wition
two weeks after ligature of 1ts mam pulmonary artery has been found to be
in exeess of 100 m! /min , more than four times the maximum value established
m the normal lung of the dog by Bruner and Schmdt, ! it 15 a contmutng in-
crease, so that, at 18 months, the collateral flows approach 800 to 900
ml /AI¢/mm (fig 2)

MINIMAL BRONCHIAL ARTERY FLOW THE STRAIGHT LINE
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Fia 2 —Mmmal bronehial artersal flow after ligation of the pulmonary artery Siety ob
servations 1 ten dogs plotted againat time The heavy hlack luie represents the Atatistical
v of the dat1 Defermunations on andisidul anamats are conneeted The trend 13 mgmfieant
atatisticatty (v < 8013,
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It 15 possible to dissect the still patent blind end of the left pulmonary
artery just distal to the ligature, and to measure the pressure within it Thix
tends to be slightly lower than the pressute in the nain pulmonary artery, as
would be expeeted from the lewer flow through a still largely intact capillary
bed When, however, the pulmonary veins that drain such a lung are oceluded,
there is a sharp rise 1 pressure to approach the mean systemie ** Normally,
mmediate obstruction of the left pulmonary artery and vein will induce only
a slow and moderate rise 1 pressure within the latter

Hemody namics: The metliods of angiography and indicator dye distribution
have been employed to mvestigate the hemody namies of the newly developed
collateral system 22 When a contrast medium such as diodrast is injected by
means of a catheter, mtroduced via a carotid artery, into the aorta just above
the origins of the bronehial arteries, the latter become almost mstantly opaci-
fied, wsually within 07 seconds (figs 3 and 4} Between 21 aud 42 secouds
after the mjeetion of the contrast medium 1te the aortq, the left pulmonary
artery becomes visible Despite the fact of it previous interruption by liga-
ture, which has made it, so to speak, & diverticulum with a blind proximal
end, pateney of distal left pulmenary artery is demonstrated in the Inng
ammal (fig 3) Within 2 1 <econds, the left pulmonary veins begin to beconte
opacified {fig 6) This shows i r1ve the passage of blood from the aorta by
way of anastomoses with branches of the pulmonary artery beyond the higa-
ture and thence through the pulinonary capillaries to the pulmonary veins
Aortography alvo indicates the very rapmd passage of blood from the aorta
through the intercostal vessels to the azygos vemn (fiz 4), and this has been
confirmed after intra-aortie injection of Evans blue dye, which reaches the
night atrium within approximately two seconds

The dye conecentration eurses, as obtamed n the femoral artery, on inject-
g Evans blue mnto the aorta just above the origins of the bronehial artery,
display a charactersstic difference in animals with an extensive collateral, as
compared with controls (fizs 7 and 8) That portion of dye that enters the
collateral eirculation pursues a cirele that involves only the left side of
the heart, and is, therefore, quiekly returned to the aorta, as would be expected
from the angiographic olservations just menttoned As a result, the curves for
anmals with a hgated pulmonary artery give evidence of early recirculation
m a more rapid reversal of the first downward slope, and the dye in the distal

aorta does not reach the low level of the controls before reeireulation begins
Actually, the highest level before recirculation 1n the control group equals the
lowest m the experimental The observed values, usually in duplicate obsersa-
tions made 2 to 4 days apart, are mdieated mn table 1 {See page 86 ) The <ec-
ond curve 1n the experimental group 1~ complex and resembles n silhouette the
bactrian eamel, while the controls usually show only one major liump, hike the
dromedary (compare fizs 7 and 8)

The collateral cireulation, representing as 1t does recireulation through the
left side of the heart (fi2>9), 15 a burden entirely on that stide In the presence
of the relatively intact low resistance pulmonary capitlary bed, this burden
35 not large and, when nvestigated 1n rats, was found to be without effect on
the size or weight of the cardiae chambers *® This may not be the case 1f the
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Fies 3 6 —Angographie series after introduetion of contrast medium it the origins of the
bronchial arteries in the dorta The Dronchial arteries of the left Jung are acen to fill istantly
A0 7 seconds the azy gos vein, Az, 13 already hecoming opacified The pulmonary artery (I'A )
has been filled by menns of heral with the hronchial arteries at
4 2 seconds (this process began at 21 seconds) At 5 6 sceonds a pulmonary vemn (P V )13 seen
a4 a larger structure anteriotly of the pulmonary artery which 1s now beginning to fade The
series demonstrates the passage of hlood from the aorta to the hronchial arterses, thence to the
pulmonary arteries and, by way of capillaries, to the pulmonary veins and back to the left
heart.
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TABLE 1 —.Analysiz of Dyc Concentration Curves

_—

Time in Scconds

To first Recaren  Lowest femoral

femornl Recrren Reciren Iation artery level
Dog artery lation lation peak to before reciren
No peak start peak equlibrium  lation (mg ¢5)

Left Pulmonary Artery Ligated
{Phus Cardiopneumonopexy)

333 10 13 14 6 062
355 4 10 14 12 020
4 &) 15 1 099

320 4 9 15 ] 028
3 10 13 7 030

324 5 10 18 [ 020
4 8 17 5 033

321 3 10 14 5 030
Mean 46 104 152 76 032

Control

101 80 13 11 1 15
60 13 18 12 0.20

402 85 1 17 13 020
60 13 18 ) 013

403 0o 22 27 3 015
284 45 10 145 14 oo
407 30 L] 12 16 any
30 12 15 9 007

Mean 60 132 173 109 012

peripheral resistance 18 greater, as it may be in some diseased lungs In the
same study, the left-to-left transpulmonary shunt was found not to produce
an inerease in blood volume. In this 1t is analogous to pulmonary arteriovenous
fistula, rather than to systemie arteriovenous fistula

Significance of Bronchwal-Pulmonary Anastomoses mn Man

The precapillary anastomoses that develop in organizing pulmenary disease
have certain hemodynamie implications, There are two major differences from
the experimental preparations just discussed First, the pulmonary arteries
are palent proximal to the anastoraous (ecompare figs 9 and 10} Sccond, the
capillary bed 1s destroyed by scarring to a variable degree

It may be expected that, where the high pressure systemie bronchual
branches meet pulmonary arterial branches of approximately equal size, flow
would be from bronchial to pulmonary arteries At the periphery of a spirally
contorted and much branched arterial system such as the bronchial, however,
there must be 4 large decrement from aortic pressure levels The netual pres-
sure relationships at the ponts of anastomesis have not heen measured and can
only be mnferred (1) There is evidence that pulmonary arterial Bood is
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Collateral Coltateral

Perspheral
Copitiary
Bed

Fi0 9.—(left) Duagram to represent eireulation in an animal when the pufmonary artery
of the Teft Jung bas been higatedl, This lung now recenes all of sty artertad supply by means of
expinded bronehal collateral vessels from the norta. The blood 1¢ returned to the feft heart
by the pulmonary vews This prescnts a recireulation which 1s o biirden entirely on the left
side of the heart The output of the left ventriele exceeds the right by the solume of the
collateral flow

Fig 10 —(rtght) Dirgrim of eireulation i the presence of misave unilateral disease of
the teft lung where [irge anstomoses between the espanded bronchial and pulmotary arteries
have developed, n3 1 figure 1. That part of the blood that passes through the 1eft from the
collaterals 19 a burden on the left mde of the heart The connections between the bronehal
and pulmon iry vessels, which are shown here in sum, represent points of resistance to the
outflow of the night hewrt The possitulity of recirentition towards the appostte lung against
the direction of the stre im 1n the left pulmon ity artery 19 ndieated Ly an arrow.

shunted away from the points of anastomess in the diseased trsue to pulmo-
nary subst capable of adeq as exchange This is mamfested by the
wsually normal or near normal oxygen saturation of systemic arterial blood,
even when an entire lunz is involied in bronehectasis or tuberculoss®
Although immobilization of the lung by parenchymat disease or plenral fibrosis
contributes to this shuntmg, it has been observed that immobtization in itself
15 incompetent to prevent the entry of desaturated blood from the pulmonary
artertes 37 (2) Anastomoses must then represent points of relative resistance
to ontflow from the right ventricle; when sufficiently large and numerous they
would serve as one contributory factor amonie those that contrive to merease
the burden of the right heart A volume of pul ¥ subst:

that of one lung must be involved before this process becomes slﬂmﬁcant
(3) In the presence of anastomoses, reversal of flow in the pulmonary artery
is possible, and has been unequivocally demonstrated in patients with fofal
bronchiectasis m\n[\'m" one lung The first patient,® a man of 32, studied
in 1949, had bronchi of all segm of the left lang. By
angiography, all of the opacified blood in the first eirculation was seen to go
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to the relatively normal, but hyperexpanded right lung (figs. 11 and 12). Bload
obtained by eatheter just iside the patent left pulmonary artery was fully
saturated, the catheter was not ““wedged,’” and the blood eame out under its
own pressure. In another patient with similar disease, recently studied by
Dr Ralph D Alley and associates of Albany, the observations on intrasenous
anglography were similar?® In addition, when eontrast medmm was mtro-
duced high mto the aorta, as in the experimental dogs deseribied, the brouchial
arteres filled instantly as remarkably large vermiform vessels within the left
lung Within two seconds, retrograde filling of the left pulmonary artery was
demonstrated Thus, the passage of blood from the aorta to the bronehis)
arteries, and thence via anastomoses into the pulmonary arteries, against the
normal direction of the stream, 1s demonstrated beyond peradventure in 2
living patient
That 2 similar reversal of flow can oceur locally has been suggested by the
observations of Roosenburg and Deenstra *® Such studies, however, are im-
mensely more difficult, and for techmeal reasons less reliable, than when there
18 total involvement of one Iung Various possibilities are indieated theoreti-
cally 1 figures 13 and 14. With local involvement, reversal of flow ean oceur
1 a single branch The anastomosis hias been pictured to be 1 a scar where
much of the original capillary bed has been obliterated and where some
newly formed vessels have been derived from the expanded bronchal arteries
The resistanee to blood flow liere probably approaches that 1 systemic capil-
lary beds, higher than in the pulmonary capillaries, and this favors reversal
of flow loeally As the main stream mm the major pulmonary artery is joined,
however, the reverse jet of oxygenated hlood 1s swept into the low resistance
mntact peripheral eapillary bed But, when the anastomoses are large and nu-
merous, or unnversally present within the scarred parenchyma, reversal of
flow 1n a major, or even mto the mam, pulmonary artery of a lung can take
place, as demonstrated in the patients diseussed in the preeceding paragraph
(figs 10 and 11) The direetion of blood flow depends on the relative pres-
sures 1n the pulmonary artery and bronchial artery, theoretically, at least,
this might vary from one time to another.

THE VENOUS Si0L OF THE COLLATERAL CIRCULATION

Collateral Veins m Man

The pulmonary and systemic veins are variably related in different indi-
viduals ¥3 Mediastinal veins, and even cardiae vemns, may dram directly mnto
the left atrium, presumably contributing some desaturated blood te this cham-
ber, and thus to the systemic arterial stream Dronehial verns, whieh drain the
first several orders of bronchi, in contrast with the relationship between bron-
chial and | ry arteries, te freely at one end with the pu].mo-
nary ieins, and at the other they become continuous with the medrastinal
plexuses that proceed to azygos system, and via the superior vena cava, to the
rieht heart The blood flow in the true bronchial veins, at least as the az3gos
y oaclied, is towards that vessel, since that is the direction of the valves

15 appro



THE PATHOLOGY OF THE PULVONARY CIRCULATION 89

Beyond their sccond order of branehing the bronehi rain into the pulmonary
venules diveetly. Venous branches from adjoining septa on all sides participate

Fiu 11 ~(top} Angiogram tn & patient with bronchuectass wvelsing afl srgments of the
Tusg The pulmonars arterscs only of 1he normal pight side are opacified, mdtcateny 2 shuntmg
of blood anas fraon the diseased Jeft A cathetenzation stully revealed that, shen the eatheter
4p was i the 1eft man pulmonary artery, fully saturated blood was obtained, whieh bad
been flawing m reserse m that vessel, having arrved wia ansstomoses from the bronehial
1eascls The Jeft pulmon yry artery was patent at operation {fig. 121,

Fip 11— bottom) Segment of g cast from the resected lung of a patient whose angrogram
18 shown 1w figure 11 One of the larxe anastomoses between the bronehisl, B A., and pul
wonary, P.A,, ts shown Direction of blaod fow 18 wndieated by srrows

.e
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Fia. 13 —(top) Iagram idicating possibility of local reversal of flow in a branch of the
pulmonary artery 1n the region of localized anastomosis associated with a small zone of
searring

F1a 14 —(Lottom) Diagram indicating reversal of flaw into & major pulmonary artery
when multiple wide spread large anastomoses exist,

m this function and precapillary eonncctions exist or are easily formed among
them The pulmonary veins are, thus, not ‘‘end vessels’” in the same sense
as the pulmonary arteries

In advanced emphysems, and to 2 minor degree in mare obviously fibrosing
disease such as bronchiectasis, the bronclnal veins expand remarkably (figs 15
and 16) and can be traced in continuity as defimitely precapillary channels
along the bronehi far into the periphery to the sisth order branches and
sometimes beyond 33! With their expansion to exeeed twiee their previous
caliber, the valves become incompetent, whereupon blood is free to flow in either
direction With the development of cor pulmonale and right cardiae failure,
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Fii 15 —Colliteral venous system 1n a4 patient with hullons emphysems Tosterior siew of
wast One of several enlirged bronchial veins, bi, i seen to enter the zygos vem (Az).
Pertpherally, the former extend far aut along the broncht Their eonnections with the pul
monary vein are indicated in fgure 16

the pressure 1 the rght atrium and its tributary veins can come to exceed
the pulmonary venous pressure which, under the circumstances, 15 not in-
creased s a conseqtience, an extrapulmonary rrght-to-left shunt can develop,
thereby contributing hy posic and iy pereapneic blood directly to the left heart
The volume of this reverse shunt has not. as yet, been determined Introdue-
tion of &n appropnate coloted or radwactn e indieator into the right atrium,
with measurement of the dye curves m the pulmonary artery and aorta on
the first eircnlation, may make this possible

Shunting of the bleod into pulmonary veins has been demonstrated angio-
grapheally in cehronie bier disease, another conditton m which the azygos
venous pressure can be inereased ™ Cyanosts in patients with advanced he-
patie fibrosis has been explamed on this basis by Calabresi and Abelmann 3332
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Fi6 16 —Diagram of the ewreulation correspondmg to figure 15, but from anterior view
The expanded bronehia] venons plevus (B V' ) 15 seen to be connected at one pornt with a Jarge
pulmonary vemn (I’ V.) which 1s shown transected The bronelual vems estend as mjetable
vessels to the periphery, far beyond the normal Proximally, the vessels proceed to the azygos
The valies mn the Lronelal veins have become incompetent as wdicated by their retrograde
mjection from the azygos Blood could, therefore, flow in ether direction With right cardiic
fature there couid be a reversal of blood fiow through these vessels, 1e, from right to Jeft,

thereby eontributing to the systemie artenal hypoxia and hypereupmia of advanced emphysema
with cor pulmonale and right cardiae decompensation

Ezperunental Qbservations on the Venous Collateral Crrculation

When the pulmonary veins of an entire lung are ligated, a collateral enet-
lation ramdly develops 3433 Within five months it attaing a minmal value
ranging between 8 and 20 per cent of that expected, were the venous dramnage
intact The collateral veins are of two types (1) expanded bronelual verrs of
which the original connections with the pulmonary veins at the hilum are
simply expanded and (2) transpleural veins which, after traversing adhe-
sions, assume direct connections with the distal ends of the pulmonary seins
These transpleural collaterals are obsiously newly formed, since they have
developed from eapillaries within granulation tissue of the obliterafed plenral
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space, There is no concomitant expansion of arterial collaterals after this pro-
cedure, any more than ligature of the pulmonary arteries induces growth of
venous collaterals.

If the animals are given peniaillin and streptomyemn postoperatively the
lungs become intensely congested and edematous for several days, but do not
hecome mfareted, as was inariably the ease before these antibiotics became
avaitable 3 %3 This indieates n contribution of mfection to so-ealled ““in.
farction *” Within several months, the lungs assume a near normal gross and
microscopic appearance, except for the expanded or newly formed collateral
veins 3% The pulmonary veins usually do not suffer thrombosis

The collateral blead flow mduees a transpulmenary right-to-right recircula.
tion+ the blood pursues the eirele pulmonary artery, to eapillaries, to bron-
chial and ether systenie vems, to azygos vein, superior cava and right heart.
Fully saturated biood ean be obtained by catleter from the azygos vein under
these eircumstances

Tuk Lrve Arrer Exrrrivestan Interrvrriox oF Botit
PrLyoNary ARTERIES AND VEINS

Tt 15 remarkable thiat the lung can survive ligature of both pulmonary ar-
terial wflow amd pulmonary venous dramage ** Collaterals arrive from both
sides, in a manner charaeteristie for each when 1t aloue 1s stimulated to expand
as desertbed [t is astonmislung that the ingrowth of newly formed vessels armv-
g transpleurally 15 orderly, 1 that arterial collaterals imariably establish
connections with pulmonary arteries, and the venous collaterals imvanably
come to drain pulmonary vems The forees that gurde these vessels to their
appropriate destinations are mjsterious, but must be chemcal, rather than
purely mechanieal If they were simply mechameal, then the larger than eapil-
lary connections should be 1n the direction of the greatest pressure drop, ie.
from collateral s3 stemue arteries to eollateral systemie vemns Such ‘“short eir-
cuts’” have, however, never been observed in the vinylite casts Instead, the
course of the blood flow 1s apparently the most eiremitous possible- from sys-
temie collaterals direetly, by preeapillary anastomoses, to pulmonary arteries,
to pul ry 1 s, to pul v veins, and thence, by large anastomo-
ses, to systemue collateral vems More than one influence must, therefore, he
consilered in the attempt to reply to John Hunter’s st:ll perplexing question,
asked 200 years ago, ‘ What makes vessels grow?"”

It 15 alo of interest that the rate of increase of the volume of collateral
blood flow 1s not far dufferent from that which occurs when the pulmonary
artery alone 1 wnterrupted (fig 17) This suggests that the collateral veins ean
lnerease at least in proportion to the blood volume brought in by the expand-
g arterial collateral vessels The volumes of blood flow approach 60
ml /Kg./mmn at approximately 16 weeks following hgature of the vessels. This
collateral cireulation constitutes a left-to-right shunt across the lung

$0ME POSSIBLE APPLICATIONS OF AN INDUCED COLLATERAL CIRCULATION

The experimental obsersations that have been diseussed indicate the possi-
bility of redirecting blood flow within the thorax, with therapentic intent
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MINIMAL BRONCHIAL ARTERY FLOW
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Fia 17 —Inerease of collateral blood flow m ml/mm /Rg after higature of pulmonary
artery and vemns of left lung plotted agamst time The heavy black line inducates the trend
caleutated statistieally which was found to be lughly sigmifieant (p << 0001) The percentages
indieate the proportion of pulmanary substance of the left side, the druming vein of which
hid eseaped Ligature Dat from one animal, for which only two ohservations are atailihle,
are not included 1 the ¢ ilcutation and the two points of ohseriation are connected by a dashed

Tine

Collateral Cureulation of the Lung Applied to the Heart

When the mam pulmonary arterv of a left lung 1s hzated and the lung 15
apphied to the heart by pneumonopexy, several types of arterial bridges de-
velop % (1) intereoronary connections of enlarged size, (2) transpleural eon-
nections between coronaty and bronchial arteries and (3) retrocardiae con-
nections of coronary with bronchial artertes The first mentioned 15 easty
mnduced by a variety of stmple procedures The last two, partieularly the
third, greatly exeeed m size any arterial eonneetions that have been indueed
by any other experimental procedure between the coronary vessels and an
extracoronary blood source A new prineiple 1s employed to involte the coro-
nary ecirculation 1 the development of collaterals to a neighbormg organ and
this is far different from sumply causing two organs to adhere Although,
when the coronary artertes are normal, the direction of blood flow 15 pre-
deminantly from the coronary to the pulmonary art€ries, obsersations hy dye
distribution teehniques have, nevertheless, demonstrated that, during a part of
the cardiac eyele, some dye 15 transferred from the bronchial directly to the
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coronary 1esels by the large anastomoses which are establhed, This aceonnts
for from 41 per eent 1o approximately 16 per cent of total inflow inte the
corenars sinus, eyen in the zbsence of my ovardial mehema *7 This method pro-
des, f;;r the first time, the means of measuring objectnely a cotlateral eiren-
Iation to the heart with et mtact The reversal of flow at different tames
in the cardiae eyele is probably the consequience of an out-of-phase relation-
ship between pulbse presweres areniug at the powats of anastomows ducectly
along the coronary evsely from the sinuves of Valtalia on one aud and, on
the other, throngh the more fortvoms bronchial eollateral vaseular system
(fig 18)
CORONARY  LOLLATEQAL
e Fa Pt Sy
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Fio 18 —Tressure pulee waves at a punt o an tstomdsre between coronsyy anit bronekiad
Teuscls indueed by the effects ot hig sture of pudmon ey arteries and ravdiopnegmonopesy ate
mduated Drgrammaticatly 73 a dntted hue (for the corennry pulse) and a3 2 2obd ke (for
pulte pressuren transmitted throvgh the tortious brosehial Teseely tr the same pownts It as
evident that an ont of phiee relationshsp My enist during eertun mtrrvals of the esrdsar
<sile, when the preceuse i the bronehol sessels excends that 14 the soronanes, aithough the
Litter are wnehatrncted Durong these phiases, Mead wmiy Gow from the bronchual to the coro
rary vesdcld ¥ the preeaulitt) conncctions to enter yltunsely the coronars atnus, after
traverung the 4ime pathwds perpherally that are paresed by Tlood arnvig rormally
thraugh the coronary drterees.

Rodirection of Blood Flow s Transposifion of the Greaf Sessels

Double hizature of both pilmonary arteries and vems of the Inng 1y transpo-
sitson of the great vessels wounld have the effvet of mtraduesng an oxygenator,
the lung, mto the transposed systenue etremt ¥ (fizs 17 and 20) Thes redirec-
tion of hlead flow would acenr gradually aad oxygenated blood thus mtro-
duced 1ato the systemie eitewst woukd tend to relieve anoxia Furthermore,
the direetion of flon of the oxy genated Dlood 1 mevitably m the desired direc-
tron, and 13 not unpredictable as when an interatrial defect 1 ereated in the
attempt to treat thyy condition

BUssyany

The pabmouary vessebs aeguice coltateral blood supply, not from rach other,
but from the bronunal artenes and vews Sueh a eoMlateral esrentation can be
mduced experimentatly and oceurs m pulmeonary dnease The two hmbs of the
collateral circulation develop independently of one another .\ fung can be
maintamed entirely on coflateral wlow and dramage under experimental
couditiony

Withm 18 months after experimental mterruption of the pulmonary artery.
eollateral blood flow approaches 1 L /M 2/mun Remarkably, comparable flows
are ohoerved after hymture of ol artersal and venows vessels of 8 Jung

In the dieased lung, expanded arterial collaterals coming into free anasto-
Toosis with the pulimonary arteries create a loeal mnerease ip peripheral resit-
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Preern
BRONCHIAL COLLATERAL
antewra

Fig 19 —(left) The 1 mdicated d 1a transposition of the great
vessels Thete 1s no **crossing over?” from right to left, except as determned by septal defeets,
or possibly by extracardiic connections between vessels of the two sides

Fia 20 —(right) Transposttion of the gre1t yessels indieated after hgature of the pul
monary artery and veins of one lung The Intter then acqures 1ts artenal supply from the
renchial arterics of the transposed sorta which, ariaing from the right sile of the heart,
containg desaturated hlood, This blood 15 oxy genated m the lang zud 19 then tyansferred to the
right side of the heart by the collateral veins, thereby enriching the blood of the systemic
ventricle This lung then acts aa a bult in os)genator

ance, whiell direets blood flow from the diseased tissue inte normal paren-
chyma: there may even be a reversal of flow into the pulmonary arteries from
the bronchial artertes through the anastomoses,

Redirection of blood flow through collateral channels offers possibilitres
of application 1n therapy of coronary heart disease (cardiopneumonopesy
after ligature of a major pulmonary artery), and mn transposition of the great
vessels (higature of pulmonary arteries and 3verns to one lung)
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Pulmonary Diseases: Straetural Tileet on the
Palmonary Vascular Tree

By Davie M Spax

NLY THOSE STRUCTURAL ALTERATIONS m the pulimonary vaseular bed pro-
0 dnved by prosary lung disease are of elieal and phy silome syzuficance
which alter the perfusios of ventilated Iung, merease the pulntopary vaseular
resintanee and entnee the enlargement or the desvlopment of varteus bronelio
pulmonary communiations or shunts The mest conuntent and prominent
morpholomie changes m the pulmanary taseular bed are actuatly secondary
mamifestations to the alterations m Mood flos, soliume, and tension produced
by disease of the lungs These changes conost basteally of atherovelerosss in
the larger elastic arteries, hy pertrophy or at least apparent thickening of the
musewlar arterses and fihrosns of the mtima 1n the smaller arterses and pre-
eapsitary arterioles Other secondary changes may at tunes abo constst of
zutochthonous arterial thrombt and neerotizmy arterts or arteriolity These
autochthonous thromin may hecome <o unrecognizable through orgamization as
to be confused with arterionelerosts Thus hias unfortunately ted to the evrone.
ous glasstfication of some vase as primary pulmonary hypertenvion The necro-
tizng vaseular festons for Jears wete masapterpreted as spresfie to rheumatse
fever but mare recently are regarded as the nonspeerfie effects of hugh prew
wre m the pulmonary vasenlar ewreatt These alterations w turn may then
eontribute to the wereased vasculer resistance to the flon of blood

I general the structural alteratsons of the pulmonary vaseular bed of pri-
mary fi purnt to pul ry diseases comnist of varving deprees
of obstruction, compressian or abhiteration of the captlary bed in ventsated
tang (not neeessardly well sentilated), lumimal narrowing, ecctuston or s
tortion of the smaller musenlar pulmonary artertes, precapailary arterioles
and veus, and chaunges i the immediate trssne environment of the yessels that
tend to dirunish their distensibslity and alter tratsnnral pressure

There are several ch tes of the put

2 aseatar bed that serve
te distinguish 3t from the systemie taseutar bed and alvo influence the symifi-
cance of the presiously mentioned anatonue alterations Theso are ots distense-
bality potential, lazge reserie and relatine lack of museulature Thess low
pressure factors are of unportance m the proper evaluation of the relatie
wnportance of the efferts of structurat atterations . the pulmonary vaseular
bed

Those promary lung diseases that effect the pulmonary vaseular bed are wa.
merous A study reported over tem years nge on 100 consecutive autopsied
eases of eor pulmonale revealed the following merdence of wniderlying o
mary”’ pubmonary disexve {table 1) A mare recent study of consecntinely

99
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TaBLE 1,—Basic Underlying Pubmonary Cond: tn 100 i
Necroposies on Cases with Cor Pulmonale
Number of
Underlying pulmonary condition Cases

Emphysema (diffuse obstruetive)
Bronchiectasis—diffuse, bilateral

Bronciual asthma

Silicosis and silicotubereulosis
Tuaberculosis

Krphoseohous

Thoracoplasty and tubereuloss

Primary pulmonary arteriolosclerosis
Diffuse nterstitial fibrosis

Schistosomiasis

Foreign body emboli (morphine addietion)
Maultiple pulmonary emboli with orgamzation
Pulmonary artery thrombosis

Seleroderma

Boeck s sarcoid

[ P O

antopsied cases of cor pulmonale seen in the recent 10 year period reveals that
idiopathie, obstructive or large lung emphysema has become both absolutely
and relatively more important as a cause of cor pulmonale, whereas bron-
chiectasis, which 1s a disappearing disease, has deereased as an underlying
pulmonary mechantsm The sigmfieance of tuberculosis as a cause of ecor
pulmonale 15 difficult to evaluate since the types of eases vary from one msh-
tution to another Obviously in recent years the more chrome forms of tuber-
culosts are seen less frequently and consequently one does not see the long
standing cases with fibrosis and secondary emphysema nearly as frequently.
In past years the medence of cor pulmonale in tuberculos:s was related to
the healing phase with omphwsema as a consequence of repeated episodes of
brone} 1y di 1 lesions There was no direct relatronship be-
tween cor pulmonale and the degree of parenchymal destruetion In certain
areas of the country mdustrial dust exposures will undoubtedly be of greater
mportance Some mvestigators claim that there 1s an inerease 1 diffuse inter-
stitial inflammation and fibrosis of the lung In some of these cases cor
pulmonale develops

In the pre-antibiotic era I had the opportunity of studying 200 consecutine
autopsied cases of bronel is that had not been treated with antibioties or
surgery In 38 of these the bronehiectasis was bilateral, diffuse and mvoly ed
as well the smaller ramifieations of the bronehial tree Twenty-five of the 38
had hypertrophy of the right ventricle In none of the other cases was cor
pulmonale noted This would indicate that pulmonary disease generally must
be widespread 1n order to produce sigmificant struetural alterations in the
pulmonary vaseular bed that will eventuate in eor pulmonale

In the 25 cases, it is 1mportant to note that emphysema was a prominent
secondary feature. Liebow has demonstrated enormous broncho- pulmonary
arterial communications in advanced bronchiectasis These shunts which allow
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a high pressure system to communicate with a low pressure system eannot
however be of prime importance in the development of pulmonary hyperten-
sion beeause cor pulmonale does not oceur in bronchiectasis (as stated previ-
ously) unless the discase is diffnse, bilateral and accompanied by emphysema
Notably absent from the list of pulmonary conditions that eause cor pul-
monale are those which produee cormifieation or organization of varymng
portions of the parenchyma of the lung (orgamzed pneumonia, radiation
preumonitis with fibrosis and lipoid pneumonia) Although structural altera.
tions of the pulmonary vaseular bed mn sueh areas are profound, the fact that
there 15 no parencliymal function (ventilation) present renders these changes
of hittle clinieal or physiclogical significance The granulation tissue 1n these
areas 15 supplied by the bronclual arterial system Only in those eases where
the anatomic exient of lung mvolvement v so great as to deplete the vast
reserve of the pulmonary vascular bed, does one see any elimcal or abnormal
physiologieal manifestations
The most important and basie underlymg pulmonary disease that compro-
mises the pulmonary eireulation is emphysema This eludes the so-called pri-
mary idiopatine or large lung type, the pathogenesis of whieh 1s still in
dispute, as well as the forms of obstruetive emphysema that are secondary
to other primary pulmonary discases such as bronclual asthma and silicosis
Anatomically, 1t is difficult, 1f not 1 most mstances 1mpossible, to defimtnvely
recognize emphysema unless 1t has entered the destructive phase wherein the
alveolar walls are disrupted with coalescence of the alveolar spaces This
alteration of the alveolar walls 15 the key to the morphologie alterations n the
puimonary vascular bed 1n emphysema The alveolar walls are destroyed,
thinned, disrupted, or at times thickened with fibrous tissue, mflammatory
exudate or an increase in smooth muscle These alterations affect the capllary
bed direetly, as well as some of the larger vessels (vems and arterres) Diffi-
eulties 1n quantitative measurements of the changes i the capillary bed are
numerous The techmgques that are often so advantageously apphed to the
study of the larger vessels and bronchopul ¥ 100 TEquire M-
Jection pressures suffierently high <o as to make them unrealistic for the study
of the eapillary bed Furthermore, 1t 1s difficult to simulate the intra-alveolar
Pressure relationships that exist during hfe However, some information ean
be gamed from a poor substitute, and that 1s the study of hyperemie or eon-
gested emphysematous lungs at post mortem in the human It should be
remembered that to study sections of the lung 1n this way relative to pressure,
flow and ventilatory mter-relationships n analogous to studying one flat still
film in a three dimensional motion pieture, and yet despite the errors and
limitations wmherent 1w such a study 1t 18 often possible to demonstrate vertain
alterations and relationships
In companson with the congested *‘normal’” lung there 15 a dinmnution m
the number of hyperemuc capillaries m many areas of the emphysematous
al\’eo]a}' walls In the ‘‘normal’ lung the distribution of the congested capil-
laries is regular whereas m emphysema 1t 15 irregular A relatively larger
number of precapillary arterioles and smaller arferies are seen 1n alveolar
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walls Some of these thim-walled distended vessels may even be capillaries
Thus many of the red blood cells passing through these vessels in the alveolar
walls are now quite a distance from the alveolar capillary interface. In the
normal fung the capitlaries wsually are only distended to the ealiber of the
diameter of one red blood cell Undoubtedly the fact that often termmnal
bronchiolar passages are ineluded m the distended emphs~ematous spaces
aecounts for the mcorporation of greater mumbers of the larger vessels in the
emphysematons spave walls Many of the eapitlaries (Qistended or not) are re-
moved from mtimate contact with the alveolar interface by fibrous tissue,
smooth munele or wflammatory exudate To make the situatron more complex
farrty well perfused alveolar walls may exist in areas where, from a structural
point of view, there would appear to be wadequate ventilation In contrast.
one may observe meager perfusion in alveolt that would appear to hase been
better ventilated This is pattly the consequence of the varied imterplay of
mechanrcal alterations that on one hand distends portions of lung and on the
other hand may partially compress adircent pulmonary pavenchyma There
1 also elongation, distortion and compression of the larger vessels (veins amd
artertes) that conrse through the emphysematous areas These 1 turn may
be supplying or draming capiilaries mn areas of pulmonary parenchyma that
are relattvely normal The variety of these changes is great from ene portion
of the lung to another and exists even in the smaller pulmonary sub units
In faet variation and lack of homogeneity is the characterishie pattern This
condutran of varied alveolar wall-capillary mmbalance is perhaps ane of the
basie consccuences of the structural alterations that gecur i emphy sema The
implications of this relative to proper interpretation and evaluation of variows
funetion tests are quite obvious {fig 1)

In addition to the direct anatomie alterations on the capllary, arteriolar,
small arterial and venous bed, the mdrect effects of the altered pressure rela-
tronships that oceur in the environment of these vessels as a consequence of
emphysema, may perhaps be of even mote mportance In emphysema, as well ay
in other pulmenary conditions, profound effeets on function (hypovia ete } alter
the pulmonary blood flow, volume and tension in adsance of the destructive
effects of the disease on the morphology of the vascular bed

The relatise mportanee of the direct structural versus the indirect funettonal
effects on the pulmonary eirculation may be illustrated by such conditions as
kyphoscohiosts, complete unilateral thoraenplasty and the obesity syndrome
In these conditions, m tyme, pulmonary hy pertension develops which may be
severe enouglt to produce cor pulmonale, yet 1n some cases of kyphoscoltosts
as well as umlateral thoracoplasty the emphysema and the structual changes
in the blood vessels are entirely madequate to account for the cor pulmouale
In the obestty syndrome, of course, there 15 no emphysema or notable primary
structural alterations 1n the pulmonary vesteular hed Situations of this sort
indicate that such factors as hypoxia and hypervolemia are perbaps the pri-
mary factors tm the development of pulmonary hypertension rather than .llm
struetural alterations that deselop later, in the destructive and wrreversible
phase of pulmonary disease proeesses In kyphoscoliosis and unilateral thoraco-
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ry

Fia 1 —Fmphysema of lung showing aried preturs of alveolar distention and disruption

Tlasty, unilateral kintang of vessels 15 probably not a factor because the see-
ondary vaseular mamfestations of pulmonary hypertension are equally re-
fleeted 1n both lungs

Tn an entirely dufferent area of lung disease one may obserse that n the
broad group of condutions 1 which the mflammatory and fibrotic process is
Interstitial, cor pulmenale also oceurs In this group which includes the non
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specific mterstittal fibroses, berylhosis and sareoid, the blood vessels through-
out the lung are encased in an environment of fibrosis, inflammation, granu.
Iation tissue and edema Tiis undoubtedly reduces the distensibility of the
entire vaseular bed, The alveolar-eapillary block and dimimshed ventdation
of the Iung in these conditions eontributes important functional disturbances
that hasten the onset of pulmonary hypertension.

Direct structural involyement of the pulmonary arterial system with
thrombi, embolic earcinoma, polyarteritis and schistosomiasis requires no
comment as to the obvious inerease in the resistance to the flow of blood that
occurs in these conditions Plexiform vascular arrangements have been ob-
served in these conditions similar to those noted in the pulmonary hyperten-
sion in congemtal eardiovaseular disease Whether these plexiform vaseular
arrangements are by-passes, vaseularized granulation tissue or shunts is not
always entirely clear

In summary, then, the structural affects on the vaseular bed in the dis-
tribution of emphysema produees a varied picture of profound aheolar wall-
capillary imbalance.

Distinetion must be made between those struetural alterations in the pul-
monary vascular bed produced by lung disease that are primary to the de-
velopment of pulmenary hypertension and those that are secondary Close
correlations are not always apparent between the extent of morphologic
vaseular change and the degree of cor pulmonale Observations on a variety
of pulmonary diseases indicate that functional factors are perhaps of greater
significance than anatomic alterations in the earlier stages of pulmonary
hypertension mn acquired pulmonary disease

Discussiox

Liesow Similar observations were made some years ago by Drs Alley,
Shedd and Lindskog m which the pulmonary artery of one side having been
ligated some months before, the pulmonary veins of the same lung were o¢-
cluded In contrast with the normal, there nas a much sharper rise m pul-
monary venous pressure

In this ease, of course, the pulmonary vem is, so to speak, a sac with a
closed end, but open to the bronchial arterial side from which pressure 15
transmitted to 1t, and drained 1n small part by connections with small bron-
chial veins, .

Forster One of the problems that has always interested us is the state of
the pulmonary capillary bed m emphysema. This question ean be du:ccted
mamly to Dr Spam I believe that most people feel the main drfficulty is not
in loss of diffusing surface m the capillary bed (at least in t!)e n}ilder stugc:
of physiological imparrment) but m the unevenness of distribution of b\o?L
and gas, and therefore, we are always looking for some hole. or weak spot HII
the classical idea that emphysema 1s destruction of the capillary bed, nr'ld) [
wondered if Dr Spain would comment on that Also I have seen some ]nmc is
that suggest that the broken capillary walls are perhaps an artefact, depend-
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jng on how mueh stistention of the Iungs there is when they are sliced. Would
sou comment on this and other possible avtefnets?

SrarN s As far a< the gnestion of artefact 15 coneerned, I think ene just has
to Jook at some of thewe hings before they have been tonched at the antopsy
table in order to realize that the alieolar walls are destroyed Thig is before
being et or processed so that the ynestian of artefaet does not enter into it
In the nondestructive phases of smphysema the probiem is more diffieult and
one ean never be sure How much the alveolar destrutetsve obliteration of the
capillary bed contributes to the total preture s diffieult to estimate beeause
of the tremendous vasenfar reserve | think what 35 more mportant, however,
13 the lack of halapee that oxists in ventilated areas with varied and irregolar
distribution of eapnllsries, and m other arens that are poorly vennlated
whieh the perfusion at least on an anstonieal hasis appears refatsvely un-
mpmired There are slo vessels that eourse through relatiely well ventilated
arens to less ventilated areas, and then there are sewsels that eourse thraugh
regianis where the pressare exerterd on them may be abnormal, but then may
eventuafly supply better ventilated abiealt To compound the problem, un.
winleed tang may be comprosed by adjacent emphysematous «paces How
one is able to apply a formupla to these variableq 1w almost beyoud compre-
hension

Oeiginally, vears ago 1 was mmpresed with the fact that the allampartant
duturbanee was ventidntory and net w the difuaen, bt as oue studies the
situation, ove 1s struek with the faet that there must he 8 serious iteseapable
duffuston diturhanes

Br Naeye gt Colurabia Umisersity w getttng around tius problem by meas.
urng the mtimal thickness, the medial thickness aud the lumen diameter, and
then has worked out & ratio m order to {ry to correet for the eontrastion
fastor which nudoubtedly eusts With the wee of this ratio there appears to
be a definite nerense iy munele beyond that accounted for on the baws of
ontraction

Covranaxy The work of Dr Laebow 13 undemiably admirable We have besn
iftterested in the same problem, but i the hving man Prs Frtts and Chidsey
have made an attempt 1o eshimate the effective bronelnal flow, 1 e, that frae
non of the Bow through the broncinal ciremdation returnmg 1o the pulmenary
sens, by mjectng a dye indicator substavee near the right atnum and sam.
pling simtltancously blood from the pulmonary and the bractual arterses The
dye didupion eurve obtamed m the former vessel measures the right ven.
tricmlar qutput and 1 the latter the left ventrienlar output In addation, a
control measurement of eardiae outpnt was obtawed by the eonventional Frek
method

Unfortunately, the spread of diffurence between the flow measurements m
normal <ubjects by the fwo methods and at the two sites, pulmonary or
brachinl arteries, 35 of the order of:£15 per cent, althougl mean value:; are
almeost wtentieat 1, 1 a group of patients, the aserage left ventricular output

1 sygmficantly greater than the yight, or 1f, m & patent, the left ventrmeylar
autput v 18 per cent greater than the right, the ehances are that the effective
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bronchial flow 15 larger than usually observed In our experience, 1t is only 1
a group of eases with bronchtectasts that difference m flon between both ven-
tricles becomes significant, however, 1t is also exceptional when the estimated
effective bronchial flow reaches 1 liter or more. Suck a large branehial flow
has been observed m a case with destroyed lung, very simiar to the one
demonstrated by Dr Liebow Interestingly enough, after resection of this
destroyed lung, the difference between right and left ventricular output was
no Jonger significant As a facetious parting shot, may I mqure whether in
selecting a case for your demonstration of the importance of the development
of bronchial eirculation in the course of bronchiectasis, you have not done
what the phy«ologmts often do, that 15, to exhibit only their hest experiments
or curves?

Liepow  Following Forster’s law of *‘best curves forward,” the patients n
whom actual reversal was clearly demonstrated were the only two otherwise
surtable for study 1n whom all necessary observations conld be made Tt 1s very
difficult to come by patients who have massive umlateral disease where 1t 15
possible to catheterize both pulmonary arteries With lesser myohement, the
technique necessary to demonstrate reversal 1s much mere subject to error
than when the entire lung 1~ mvolved.

Even where the pattents had masstve umlateral disease, the pulmonary
arterial pressure was not elevated despite the fact of reversal of flow mn the
left pulmonary artery that has been demonstrated Quantitatively, the anas-
tomeses are unportant m raising pressure only with extrentely widespread
lesions mmvolving more than the svolume of one lung, or when added to other
factors tending to displace pulmonary arterial pressure in the same drection.

Cnaryaxy Epwarbs In mutral stenosis are the bronchial verns enlarged?

Liesow In the cases we studied by injection techniques those vemns which
we eonsider true bronehtal vemns, namely those which go to the right wide of
the heart were not enlarged Othery have observed markedly congested veins
mn the bronehi However, these are vessels whieh dramn mto the pulmonsry
veins

Frratsox I would Like to say something about vascular changes which
oceur with age. I think they are relesant to what Dr Spam wnas talkng
about

Many of the patients who undergo pulmonary resection are, of course, in
the age group above 40 or 50 If the pulmonary artery pressure is measured
before and after oecluding one main branch, it almost mvariably rises i older
persons but does not do so in the younger people

One of the things which may be present 15 emphysema, as Dr Spain men-
tioned Howeer, i some of these people there is no evidence of this Tnspect-
mg the vessels in their lungs one sees that they no longer have the structure
found m the young adult There 1s a partial replacement of the muscle Jayer
Ly collagenous fibers It would look, from the morphologieal point of view, as
1(" they had lost their capacity to distend This 15 one of the hmiting factors

1n pulmenary resection m older people
1 wonder if Dr Edwards or Dr Spain would comment on seme of these
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elianges? 1 don't thank that they are necessarily disease changes Some of these
patients we lave operated upon for 1 nadule and there was no reason to sup-
pose that the lestan itselt would affeet the pulmonary pressures.

Cuammyay Eowaxps: T wonder, Dr. Ferguson 1f you will say a word about
the range of elevation mm pressure under the etreumstances that jou men-
tioned, wherein the patlmonary vessels appear to be normal except for age
changes and what pressure you get after o section of the tung?

Frrav~ox We have to remember that these patients are under anestliesia
and turned on one sule, With the ehest opened, pressures m the 3oung person
range between 15 and 20 The range of pressure that we have found in sup-
posedly normal people over 30 years old s up to 35 mmIg This 14 after
oceluding one pnlmonary artery The mutial pressures may range up to 30

Criamyay Evwarps, D Heath has been interested mn age changes m the
pulmenary vessels Wonld you care to say # word about that subject, Doctor?

Heatn A cellular intimal fibrosis oceurs as a normal age change m the pul-
monary arteries and vemns of most people over the age of about 20 years This
was fully described by Brenner in 2935 This 1s a surprivng finding but one
which mmst be recogiized by all embarking on a study of pulmenary vascular
Tastolagy

1 should hike to confirm Dr Spain’s remarks relating to the lack of hyper-
tensive ehanges in the pulmenary arteries 1n most cases of emphysema. Some
pathologists 1 know 1n England have been disappointed by this during themr
studies of lung diseases They mmght well be jealous of their fortunate eol-
leagues whe are engaged n the study of pulmonary vasenlar Iesions in con-
genital heart disease and have <o mucli to look at

In the Jast 2 years | have exammed the lungs of 6 cases with cor pulmonale
with pulmonary hypertension, proven at cardiac catheterization In some in-
stances the pulmonary dartery mean blood pressure exeeeded 70 mm Hg
However, 1in all 6 eases, Iy pertensive changes in the pulmonary arteries were
absent or shight I thmk the reason for this 1s that the pulmonary hyperten-
sion 1 cor | le 15 not sust; 1 or of suffi
vasenlar lesions

Sarvorr | wonderif Tmay address a general question to this panel. Would
any of the panel pathologists care to mdicate whether there is anatomie evi-
dence of structures which suggect the possibility of inereased lymphatic run-
off in patients with chromeally elevated pulmonary vaseular pressures?

Licnow I can only comment on experimental work which, unfortunately,
does not gve a complete answer Tt has to de with produeng, acutely, a
supratalvular stenosic 1n the left atrium by means of a snare and collecting
the Iymph from the right lymphatic and thoraeie duets simultaneonsly Under
these cireumstances, the inerease m lymph flow 1 very large in proportion to
imitial flow. but 1 terms of ml per minute, 1t is very small.

Sarnorr 1 was wondering about the appearance of the lymphatics in the
chromeally diseased patient

Larow These are markedly mereased 1n size in ome eases of chronie pul-

monary discase where the muscle also 15 mereased The so-ealled ““muscular

duration to cause severe
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cirrhosis’ of the lung is almost always accompanied by marked enlargement
of Iymphatics We have no idea what this means in terms of flow or function;
1t might mean nothing except a response to obstruction,

Craigyan Epwanos: In answer to Dr. Sarnof’s question, I have, or oeca-
sion, in mfants with varjous types of congenital cardiac diseace where the
pulmonary venous obstruetion was the essential feature, seen markedly difated
lymphaties If you try making a systematie study of those, you run into cases
where yon canmot find evidence of lymphatic dilatation Sometimes this is
quite striking and then, at other times, it isn’t evident at all. I don’t under-
~tand it

Woon I would hke to ask a question, Mr. Chairman You described some
pretty pietures of fetal pulmonary arterres involuting in 2 to 3 months after
birth; then you shiowed us two ventricles, right and left, equal i thickness
n the fetus, and finally you showed two adult ventricles How long does it
take the right ventricle to mvolute? How much time lag is there between in-
volution of the right ventricle and involution of the arteries?

Crnamyax Epwarps I would say that m most nstances, after § months,
the normal relationship 1s accomplished and very frequently it 1s accom-
phshed considerably earher than that Two or 3 months is not an uncommon
age to see the normal difference 1 thickness between the right and left ven-
tricles Of course, I reahize that this is contrary to what the electrocardiogram
says, smee with it the time of arrival of the postnatal state is usually later.

T eannot explain the difference but the fact 13 that as a rule the heart iteelf
seems to show the change earlier than the electrocardiogram does

DuBors Dr Spam, I thimk, the diffieulty the physiologisis had this morn-
g, stems 1n part from the fact that phystologists make numerical measure-
ments whieh are dealt with in the eentimeter, gram, second system 1 would
hike to make a real plea for equivalent measurements on an anatomical basis

For nstance, when we eame to caleulate numerieal relationships in the
vaseular bed and lungs, we found that we had to go way back to Miller, nho
measured diameters and lengths of vessels m one-half of one dog lung some-
time 1n tlte 1890% So, if we are to mateh up our physiological measurements
of preseure and flow with the anatomieal studies, I would hike to put in are-
quest for numerical measarements of lengths and diameters of vessels

Cnamyax Epwarps The point is very well taken, and the very apparent
techmieal drfficultres in accomplishing the ideal will be brought out in some
of the presentations te follow.



Structural Alterations of Systemie Vessels in

Response to Systemic Hypertension

By E. E. Memueap axp J. A, STimyvax

CLEROSIS OF SMALL ARTERIES and arterioles represents the major vascular
S change in hypertension Although similar changes are observed as an ex-
pression of nging, the extent and degree of the selerasis 1 accentuated by the
Liypertensiie state ! Despite concuderable study grven to the vaseular ehanges
of hypertenston fundamental aspeets of the scleratie process m arterioles re-
mam obseure and consequently controversial For some time three major
questions have emphasized this emigma  How specifically 1v the selerotic
process imitrated What mgredients contribute to the seleross and what is
their source? To what extent may certain phases of the process be reversible?

Apparently from the begmning of appreciation of this vascular problem
the first question above has evoked a consideration of the extent which hyper-
tenston per se contributes to the vaseular lestons The seeond qguestion has
aften devolved mto o constderation of artevtelar hyahn, s sonrce, distribu.
tion and relatronship to arterial mtimal thickeming The third question may be
considered to arouse again the matter of medwml hypertrophy and its im-
plieations

On tlus oceasion we should like to conwider certain aspeets of these prob-
lems m hght of expertence with artertoles from hj pertensine human subjects
and the work with bilateral nephrectomy (renoprival hy pertension) 2'* Spe-
eifieally we should hike to constder first arteriolar hyalin and its possible re.
lation to vasctiar smooth muscle and to connective tissue elements, and see-
ondly ehanges m the wall to lumen ratio of arterioles under certain delincated
phases of renoprival hypertension At this trme emphasis will be placed on
the lowering of the wall to lumen ratio, the structural changes which appear
to contribute to thus change, the apparent reverstibity of certain of these
changes and the simlanity between the eamne lesions and those of the hyper.
tensive state i man

MareriaL axD MeTHODS

Vascular hyahn from artemoles i hypertension of man, arterroles and
glomerult of diabetie subjects and artertoles 1n renopresal hypertension of the
dog has been studted by starmng and b h al methods previously de-
seribed 24 72 241 Autolyzed smooth musele has also been stmilarly studied m
the test tube and after its mpection into the kidney via the renal artery

The wall to lnmen ratio of arterioles has been measured by a modtficatron
of the method used by Kernohan, Anderson and Keith '3 Two perpendicular

Supported by a grant from the Natwnal Heart Insittute, United States Pudtee Tealth
Bertice
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cirrhosis” of the lung is almost always accompanied by marked enlargement
of lymphaties We hate no idea what this means in terms of flow or funetion;
it might mean nothing exeept a response to obstruction

Cratryan Epwarps: In answer to Dr, Sarnoff’s question, I have, on ocea-
sion, in infants with various types of congenital cardiac disease where the
pulmonary venous obstruction was the essential feature, seen markedly dilated
Iymphaties If you try making a systematie study of those, you run into cases
where you cannot find evidence of lymphatic dilatation Sometimes this i3
qurte striking and then, at other times, 1t 1¥u’t evident at all. I don’t under-
stand it

Woop I would Itke to ask a question, Mr Chairman You described some
protty pretures of fetal pulmonary artertes involatng in 2 to 3 months after
birth, then you showed us two ventricles, right and left, equal in thickness
m the fetus, and finally you showed two adult ventricles How long does 1t
take the right ventricle to nvolute? How much time lag is there hetween in-
volution of the right ventricle and involution of the arteries?

Cnamyaxy Epwaros: I would say that m most instances, after 6 months,
the normal relationship 1s accomphshed and very frequently it 1s accom-
plished considerably earlier than that Two or 3 months 1s not an uncommon
age to see the normal difference in thickuess between the mght and left ven-
tricles Of eourse, I realize that this 15 contrary to what the electrocardiogram
says, since with 1t the time of arrival of the postnatal state 1s usually later.

I cannot explain the difference but the fact 1~ that as a rule the heart itself
seems to show the change earlier than the electrocardiogram does

DvBots Dr. Spam, I think, the difficulty tite physiologists had this morn-
ing, stems 1 part from the fact that physiologists make numerical measure-
ments which are dealt with 1 the centimeter, gram, second system I would
like to make a real plea for equivalent measurements on an anatomical bass

For instance, when we came to caleulate numerieal relationships in the
vascular bed and lungs, we found that we had to go way back to Miller, who
measured diameters and lengths of vessels in one-half of one dog lung some-
time m the 1890, So, 1f we are to wmateh up our physiologieal neasurcments
of pressure and flow with the anatomteal studies, I would hike to put m a re-
quest for numerical measurements of lengths and diameters of vessels

Cramyax Eowarps The point 1s very well taken, and the very apparent
technieal difficulties in accomplishing the ideal will be brought out 1 some
of the presentations to follow
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Stu.uml: o AMALL ArTertes and arterioles represents the magor vaseular
chinge in hypertension Althongh stmilar chianges are obsersed as an ex-
presston of aging, the extent and degree of the ~tlero 15 accentuated by the
hypertensiie state ! Despite considerable study given to the vascular changes
of hyprrtension fundamental aspeets of the sclerotic proecss m arterioles ye-
tmain obseure and consequently eontroversial For some tuse three major
fuestions have emphasized this emgma  How speesfically 15 the sclershic
proeess initiatedd What igredients contnbute to the <cletows and what i
therr sourcet To what extent may certain phases of the proeess be reversible?

Apparently from the beginning of appreciation of this vasealar problem
the first question aboy e has evoked a conuderation of the extent whieh b per-
tension per se contrihute ta the vascular levtons The seeond question has
often devolvesd mto a constderation of artemalar byaton, s souree, distriby-
tion and relationshp to arterpat intumal thickenmy The thurd questioy mag be
constdered to mrouse agamn the matter of medial hypertrophy and ats im-
plieations

On thrs oecasion we should ftke to consuler certam aspeets of thewe prob-
terns 1o tigeht of experience with arterioles from hypertensite human subjects
and the work with bilateral nephrectomy (renoprival hypertension) 2 44 Spe.
cifically we should hhe to consuler first artertolar nalm and 3ts possible re-
lation to vasenlar smonth musele and to conneetine tinane elements and see.
ondly changes in the nall to tuwen rato of arterwles nnder certain deltneated
phases of renoproval hypertenvion At this tune emplasss will be placed on
the Towering of the wail to lumen ratio, the structural changes wiieh appear
to contribute to thw change, the apparent reversibiiity of certamn of these
ehanges and the umiarity between the canmne lesions and those of the hyper-
tenstve state yn man

MATERIAL AND MuTiiops

Vaseular hyalin from arterioles m hyvertension of man, arterioles and
glomeral: of diabetse subjeets and arterioles 1n renoprival hypertension of the
dog has been studied by stamning and Iustochemical muethods previously de
seribed 23703338 Anutolyzed smooth musele has alw been similarly studied
the test tube and after ity injection into the fndney via the renal artery

The wall to lumen ratio of arterwles has been measured by a modification
of the method need by Kernohan, Anderson and Keith % Two perpendieular
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outstde and mside drameters were measured with the use of a standardized
microseale mn the cvepiece, The corresponding diameters wete asverazed,
Ob — 1D

5~ = W and W/ID gives an expression of the dtmension of the Jumen
represented by the wall thickness (OD = averaged outside diameters, 11

averaged mside diameters, W = wall thickness)

The t1vsues were fixed m nentral formalin (10 per eent) and paraffin blocks
were cut at 5 mierons and stained with hematoxylin and eosin. Visceral ar-
terwoles ent squarely were measured Vessels with distinetly undulating in-
ternal elastic lamellac indieating promment postmortem eontraction were not
measured .\rterioles from the viscera were measured and particularly from
the gastromtestinal tract, adrenals, urinary bladder, hver and heart,

Five hundred arterioles from 23 nnrmal dogs which were sacrificed for
uther purposes served as controls The frequency distribution of the ontside
and inside diemeters of these vessels 1s gnven m figure 1 In the presently eon-
sidered material the wall to lumen fraction for the normal group was com-
pared with that derived from three groups of bilaterally nephrectomized dogs
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£ia 1—The frequency distrbution of the outside and wside diameters of arteriules from
wormal dogs (300 arterioles) and dogs with renoprival hypertension (780 artertoles) is de
e The nephrectomized dogs were sustained by peritonca! dialys for an Mverage of 38
,""“ $1 days (20111 4ns). Donng these 1atrals systemic by pertension wea sustasmed The
Qufferenices shown are signsficant
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Thewe were ax follaws 1 A wroup of 20 dogs which had been sustained by
peritoneal ity sis for an acerage of 38 to 43 Any s (overall vange 26 1o 111
dass) 1O I A group of T dogs whieh bad been sustamed by diafyas for
1010 37 days, P TIE A group of 16 dogs wheh had been sudtained by dsals st
for 4 to 15 dayy and then bad # homogenons venal transplant placed in the
neck connected to the carotid artery and jugular vemn This third group was
snbdivided into a group (1) of 7 dogy which Ined an aseraxe of 6 dayy
Leyend the tramsplant and a group (1) of 9 dogs wluch lhved an average
of 16 days bevond the tramplantation 3 The overal} sarvival for group Iila
was 10 to 17 daya aud for graup {1h 20 to 32 days

In all groups a frequency distmibution plot of walllumen ratio demoy-
sfraterd & normal eurve which was skewed to the feft In order to apply statis-
treal techutques 1o theve dafa a logarithmie transformation of the wall-lumen
ratio was used The demvation of o otraight hine when the Jog {wall-dumen
ratio} X 10 1< plotted agaust probabihity exideneed the transformation of a
shewed vurve 1o a normal curve® Comparison of the different wroups with
each other and with normal was then acecamplinhed by 7 text #

AxTEmOLAR ITvALIN

We have proposed o distinetion between twe 1y pes of hyalin withn <elerotie
arterioles, that denved from conneetive tivste elements and that denved from
the fusion of degenerated 1asentae smooth muscle 214

The presence of connective tissue elemsnts i the artertolar wall as a feature
of the selerotie process has been attested ta repeatediy Klemperer and Otam &
mnterpreted the coneentrie depostts of cells and fibers or fibrahy (onienskin
ehange) of the arenate and mterlobular arteries 1 malignant nephrescleroats
as of eonnective tivsue origin The intimal hyalin of benyea artersolarselerosss
way stamn hke collagen and contans eells resembling fibrogytes Motz angd
O1dt ** described this ehange anad suggested an endothelial arigin for the eells
Moritz and O3t adwo desuribed collagonous dopests in the media

The vaseular sclerosiy of hypertensice nephrectomized dogs sustamed for
10 o mver 30 dmys congams eonpectine tisue elements IIyahm depoats be.
tween the mternal elastiea and the endothelium contam erlls, may stam meta-
shromatically or may contam fibers or fibnibs wineh starn as collagen Connee-
e tisue elements may be oberved in the media and kere they may wangle
with hyahn droplets and masses winch rewemble degenerated smooth musele
Concentrse adventitial fibross may alsa be present The entire vasenlar wall
may e transformed wito a tube compo-ed of eoncentric Jayers of connective
tissne The imereased cellulanity of sueh a strueture way be mterpreted as a
form of hyperplania

The neerohie arterile of malignant hypertension assumes the characteriatics
of “fiyrmmd >’ Similar lesions are obsersed folowing bulateral nephrectomy
of the dog partentarly shen a fogh mtake of sodium and/or dsetary profein
are added to the management That fibrmmd of ths type 15 derived mamiy

from dmntegrated vasewlar wwmooth muscle has been supported by different
obmersatinns



110 PULMONARY CIRCULATION

outside and msile diameters were measured with the use of a standardized
mieroscale m the eyepiece The corresponding diameters were averaged,
@2—2 = W and W/ID gives an expression of the dimension of the lumen
represented by the wall thickness (0D = averaged outside diameters, ID
averaged inside diameters, W = wall thickness)

The tissues were fixed 1 neutral formalin (10 per eent) and paraffin blocks
were cut at 5 microns and stained with hematoxylin and eosin Viseeral ar-
terioles cut squarely were measured Vessels with distinetly undulating -
ternal elastie lamellae mdicating prominent postmortem contraction were not
measured Arterioles from the viscera were measured and particularly from
the gastromntestinal tract, adrenals, urinary bladder, liver and heart

Five hundred arterioles from 23 normal dogs whiel were sacrificed for
other purposes served as eontrols The frequency distribution of the outside
and mside diameters of these vessels is given 1n figure 1. In the presently con-
sidered material the wall to lumen fraction for the normal group was com-
pared with that derised from three groups of bilaterally nephrectomized dogs
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Fio 1—The frequency distribution of the outaule and tuside diameters of arterioles from

wormal dogs (500 artertotes) and dogs with renoprival hypertension (780 neteniles) dv de

weted The nephrectomized dogs were sustamned Iy peritoneal dunlyss for wn average of 3%

lmc| 41 days (20 111 days), Duning these wtersals systemic by pertension was sustained The

and 2

Quiffcrences shown are sigmificant
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Wall i Lumen Ratro

Expressed as the fraction of the Inmen represented by the wall (W/L) this
value js elevated ns the wall of the artersobe thiekens and the lumen either
narrows, remains the same o1 v not vorrespondingly wereased  In this study
the nalllumen Fraction was elevated followsg nephrectomy, The thickening
of the wall resubted from fibrofyahne thichening of the mtona, myabyaline
thickening of the media or the eutiee wall 16t 24 tibrosis of the media and

Ty T Sy e

‘N ‘vt/\

LLIY 4

¥i6 2(Verlhof elastie stain, x 400 and < 310} A wm il artery and arteriole from hrper
tensive nephres tomized dogs (surve dl 40 davs, W arteriil Rressure 173 mm Hg) The
yessel an the feft draplags intimal thiekewmg duv to the secumulition of cells 14 cofigenous
matenal (Surohs shind The veasel on the nght shows sl ir mbimal bysha with the charge
termstics of ibrobyahin snd medsal byl with the ckaractesssties of myohyalin The internal
clastic 1amina ean be soen aepariting the two forme of hyatin The wall 19 proouneatly thick
ened and the Jumen 19 narrowed,

medial hypertrophy ©7%?17 Fibrosiv of the sdventitia oceurred hut was not
considerad in the mieasurements, The measurements wdicated that the most
commen eause for the increased wall thickness appeared to be medsal hyper-
trophy

Hypertrophy of the media as considered 1 the diseussson 1y sumilar to that
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Transitions between vascular fibrinoid and vaseular hyaln may be observed,
Vascular hyalin may also develop within the smooth musele fibers while pik-
nosis and karyorrhexis indleate sertous njury of the fibers The staining,
histochemical and speetroseopte properties of vascular fibrinoid and medial
hyaln are quite symilar.

Smooth muscle autolyzed in the test tube assumes the characteristics of vas-
cular fibrinowd When this material 15 injected into the renal arteries it lodges
m the kidney (arteries, glomeruli, tubules, peritubular areas) and here re-
sembles fibrinoid early and vaseular hyalm Iater,

The term *‘myohyalin’’ 1s being proposed for the vascular hyaln which ap-
pears to be derived from smooth musele and the term ¢‘fibrohyalin® is being
proposed for the hyalmn apparently of connective tissue type These two forms
of hyalin display markedly different staining and histochemical properties
Thewr presence may be considered to wmply a form of injury to the vasenlar
wall somehow potentiated by the hypertensive state

MEASUREMENT O ARTERIOLES IN RENOPRIVAL HYPERTENSION

Use of the wall to Jumen ratio ' 23 jn hypertension of man has yielded in-
teresting and wortltwhile information Applying this technic to kidneys in
neurogente hypertension of the dog Damin and co.workers % demonstrated
tinckening of the wall and narrowing of the lumen of arterioles, The fore-
going contams information of this type in renoprival hypertension

Outside and Inside Diameler of Aiterwles

Pigure 1 relates the frequency distribution of the outside and inside diam-
eter of 500 arterioles from 23 normal dogs and 780 arterioles from 20 nephree-
tomized dogs which were dialyzed and mamtamed hypertensive for extended
periods (20 to 111 days) The general contour and spread of the curves from
the normal dogs are simiiar to those reported by Moritz and Oldt * for non-
hypertenstve man, In renoprival hypertensson the outside diameter of ar-
teroles mereased and the merement was similar to that presented by Morttz
and Oldt * for man and deserihed by Kernohan, Ander-on, and Heith '

The frequency distribution of the maude drameters indicated a tenden?)‘
toward an 1ncrease of this measurement Thrs difference was found to be statis-
tically wignificant This finding differed from that of Mortiz and Oldt 23 who
interpreted therr data as indicating no change in the internal diameter of
arterioles 1 hypertension Our data m ths respect also depart from that of
Kernohan, Anderson and Keith *3 who interpreted their material as dieat-
ing a narrowing of the lumen of arterioles m hypertension The overlap be-
tween normal and the renoprival data, iowever, 15 greater with data on the
inside diameter than with that of the ontside drameter

Part of the jnerement in mside diameter may be ascribed to t‘ho segmental
stretching of necrotie and partly hyalinized vessels The relatively greater
thickening of the wall following renal ablation elevates the wall to lumen
fraction
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Wall {0 Lumen Ralo

Expressed as the fraction of the lnmen represented by the wall (W/L) this
ralue is elevated as the wail of the arteriole thickens and the Jumen either
narrows, remains the same or is not correspondingly mereased In this study
the wall/lumen fraction was elevated following nephrectomy The thickening
of the wall resulted from fibrohyaline thickening of the mtima, myohyaline
thickening of the media or the entire wall (fig 2), fibrosis of the media and
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Fi6, 2 —(Verlhof elustic stam, 3 400 and x 340) A small artery and arteriole from hyper
tenaive nephrectomzed dogy (survival 40 days, mean arternl pressure 175 mm Ilg) The
vessel on the lett displays intimal thickemng due to the accumulation of cells and eallagenous
material (fibrohyahin) The vessel on the right shows acellulir intimal hyalin with the eharae-
teristies of fibrohyalin and medsid hyalin with the charactenstics of myobyalin The mternal
elastic 1amna can be seen separating the two farms of hyalm The wall 15 prominently thick-
ened and the lumen 18 nutrowed

medial hypertrophy 878913 Fibrows of the adventitia occurred but was not
considered in the measurements The measurements indicated that the most
common cause for the nereased wall thickness appeared to be medial hyper-
trophy

Hypertrophy of the media as considered in the discussion 15 similar to that
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(table 1) indicatmg a prominent change in the wall to lumen ratio As dis-
cussed above the change resulted primarily from thickening of the wall.

TABLE 1 —Statistical Analysis of IF/L Data from Normal Dogs and Nephretomzed Dops
F Compares the Farious Groups with the NXormal Group. )

AEAN
tog (wall lamen standard P Compared
Group ratie) X 10 N Error to norma]
Normal 06042 199 00094
Rena) Transplant 05306 350 00200 03
10 17 Days
Reaal Transplint 08522 130 00102 <0001
over 20 Days
Pentoncal Irrigation 08717 339 00151 <0001
av 41 days
Penitoneal Irrigation 08023 250 00189 <000

10 17 Da3s

A comparison of changes 1 the wall to lumen ratio between the normal
values and thoese of two groups of nephreetomized dogs which recersed homog-
enous renal transplants yielded mnteresting differences (table 1) A stgmificant
difference in the W /L fraction of arterioles was noted between the normat and
nephrectomized dogs subjected to peritoneal dialysis for 10 to 17 days There
was no difference in the arteriolar W/L of nephrectomized dogs vwhieh had a
homogenous renal transplant up to the seventeenth day The arteraolar wall
beeame thickened as indieated by the altered W/L when nephrectonuzed dogs
with a repal homotransplant survived beyond 20 days It is to be recalled
that a homogenous renal transplant m the dog begins to show signtficant
degeneration after one week 1?

The ecomparson hetueen normal arterioles and those of nephrectonuzed dogs
surviving 10 to 17 days with and without a renal homotransplant (table 1)
suggests protection against thickening of the artertolar wall or reversion of
the altered wall to lumen ratio under the mfluence of the renal transplants

Medial hy pertrophy as deseribed beren would be expected to be the most
eligable arterwolar change for reversion under the mfuence of the transplant
It 15 of interest that thrs change is the most ecommon finding during this period
1 the absence of the transplant Medial and wttmal hyalin would not be
expected to revert readily

DiscussioN

One may define arteriolarsclerosis as a structural alteration of arterioles
which 1n 1ts generalized form 1s mitiated or potentiated hy hypertension and
whieh 1o eharacterized by thichening of the wall of the artersole so that the
wall to lumen ratio tends to be altered The thickentng of the artersolar wail
may be mediated by an apparent enlurgement of smooth musele fibers of the
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media (medial hypertrophy) witl or without endothelial hyperplasia or by
the accumulation of abnormal products within the vessel wall These abnor-
mal produets melude conneetive tissne elements (immature or embryonal-
Iike, collagenous or elastie) and a material with characteristies which are dis-
tietly noncollagenous The Jatter material may be finely granular in the
media or 1t may awume the properties of fibrinoid or hyalin and is usually
present 1 the media and for mtima
Qur experience has led us to speculations wlhiel have gien rise to a um-
tarian h3pothesis concermng the lesions of small arteries and arterioles in
hypertension m man (mostly of “excential” type) and in experimental hyper-
tension (for us mostly renoprival hypertension). In this hypothesis mjury to
the walt of small artertes and arterioles as a Jocal or regional phenomenon is
considered as the prune factor responsible for the ultimate changes observed
We also prefer to consider the alterations of malignant and benign arteriolar-
selerosts as related, and as concerned basieally with changes mvolving con-
stituents within the arteriolar wall
When the hypertensive state 1s aceelerated or potentiated {(maliznant phase)
the mjury 1s considered to give rise to neerowis of the arteriolar wall The
disintegrated produets of the vessel wall, conwsting mamnly of dirupted
smooth musecle, assume the characteristies of ‘‘vaseular fibrinmd ** The fibrin-
ord may spill inte the lumen and 1s considered ehigible to be swept along the
blood stream and to embolize nearby eapillaries Tlus development may be par-
treularly noteworthy with respect to glomerull where the fibrineid may well
contribute to the alternative glomernlitis It 15 not dufficult to visualize within
the framework of this hypothests that wheu the mjury 1s not so rapid and
fulminant m the mahgnant phase the media of the arteriole may not disrupt
but give way in segmental foer As part of this 1nyury one can visualize the
deposition of an 1mmature or embryonal-like connective tissue by the endo-
thehum giring rise to the intimal tlickeming of the omonskin type As this
accumulation oceurs the media dicappears through atrophy and disintegration
Medial hypertrophy of arterioles considered as an enlargement of intact
muscle fibers may occur m the ““malignant’” as well as ““bemaign” phase of
hypertenston It 15 not powaible with the level of nucroseopy used thus far to
determine whether tlhis change represents a true increment in funettonal numts
within the muscle cell (true hypertrophy) or whether some other abnormality
pertains, for instance, to the proposed ‘‘water logzing”’ of Tobian and Red-
leaf 23 At any rate this change alters the wall lumen ratio while at the same
time grving rise to the Jeast apparent morphologie disturbance of the arteriole
It 1 only fitting to entertan the possibility of reversibility of this lesion The
data with renal transplants may represent reversion of this lesion under the
nfluence of reconstituted renal tissue
More adsanced lesions display a form of sclerosts wlueh by its very nature
unphies nltmate fixation The two major ingredients result from forms of
fibrosis (or elastosis) and hyalmization Our hypothesis leads us to consider
the myury as mare subtle and prolonged and associated with the repair process
and a transformation of arteriolar smooth muscle 1nto hyahn
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(table 1) mdicating a prominent change in the wall to lumen ratio, As di
cussed above the change resulted primanly from thickening of the wall.

TaBLE 1 --Statistical Analysis of 1/L Data from Normal Dogs and Nephretomzed Dugs,
P Compares the Various Groups wath the Normal Group

MEAN
log (wall lumen Standard P Compared
Group Tati) X 10 X Error to normal
Norma) ¢ 6042 199 00004
Renal Transplant 03506 370 00200 0.3
10 17 Days
Renal Transplant 08322 170 00102 <000
over 20 Days
Peritoneal Irrigation 08717 385 00151 < 0001
av 41 daye
Peritoneal Irrgation 08025 230 00180 <0001
10 17 Days

A comparison of ehanges in the wall to lumen ratio between the normat
values and those of two groups of nephrectonuzed dogs which recerved homog-
enotts renal transplants yielded mteresting differences (table 1) A significant
ifference 1n the W/L fraction of artertoles was noted between the normal and
nephrectomized dogs subjected to peritoneal dialysis for 10 to 17 days There
was no difference 1 the arteriolar W/l of nephrectomized dogs wlich had a
homogenous renal transplant up to the seventeenth day The arteriolar wall
heeame thiekened as indicated by the altered W/L when nephrectomized dogs
with & renal homotransplant survived beyond 20 days It 1s to be recalled
that a homogenous renal transplant n the dog begins to show stgnificant
degeneration after one week 1

The comparson between normal arterioles and those of nephrectomized dogs
surviving 10 to 17 days with and without a renal homotiansplant (table 1)
suggests protection againot thickening of the artertolar wall or reversion of
the altered wall to lumen ratte under the influence of the renal transplants

Medial hypertrophy as deseribed heremn would be expected to be the most
elimble arteriolar ehange for reversion under the influence of the transplant
It 1o of wnterest that this change 1< the most common finding durmnyg this perod
in the absenee of the transplant Medsal and wntmmal hyalin would not be
expected to revert readily

Discusaton

One may define arterialarsclerosis as a structural alteration of artertoles
which in its generalized form 1> mitiated or potentiated by hypertenvion and
whieh 1s charaeterized by thickening of the wall of the arteriole so that the
wall to Iumen ratio teuds to be altered The thickening of the atteriolar wall

may be mediated by an apparent enlargement of smonth muscle fibers of the
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The fibrosis may be confined to the mtima and here conuective tissue hyalm
may evolve At other tunes it traveises the vessel wall

A question arises coneermng the confinement of fibrosis to the area of the'
intima i small arteries and some arterioles The possibility that the connective
tissue 15 deposited under the influence of proliferating endothelial cells las
been considered by several workers This interpretation is reasonable A basic
pomt deals with the local mechanism stimulating the endothehum or other
eells toward this change (ould it be that segmental or focal decompensation
of the vascular smooth musele with a tendency to dilatation stimulates this
mtimal activity ? This 15 a difficnlt possibility to put to expertmental testing
but 15 worth additional consideration

The hyalm of the media has been considered eapable by us of a break
through the mternal elastica with either flow into the subendothelial zone or
escape inte the lumen with remcorporation down the vaseular stream The
experiments with autolyzed smooth muscle support these possibilities

The alteration of arteries and arterioles as<ociated with systemic hyperten-
sion differs from those oceurring in the pulmonary eireust m assoctation with
pulmonary hypertension  Exeluding the organization of occlusive masses,
whieh 15 common m the pulmonary erreut, %27 otlier differences tn the vaseu-
lar lestions of the lesser and greater eireulations during hypertension appear
to be more of degree than of basie quahitative properties Thus mtimal fibrosis
(collagenous or elastie) 15 outstanding 1 pulmonary sascular sclerosis while
the fibrinoxd change and hyalmization are more prominent in systemie selerosts

RUMMARY

1 A review of various deseriptions and views concerning arteriolars lerosis
as observed 1n man las been considered The views as available in the hiera-
ture on the morphologie changes of small arteries and arterioles as encoun-
tered m hypertension and also as an expression of aging may be summarized

a) In the ‘““malignant or accelerated’’ phase two changes have been con-
<idered outstanding necrowis of the vessel wall which assumes the fibrinod
appearance, and hyperplasia of the intima consisting of cells, ground suhstance
and fibrils The second change has been interpreted as consisting of an
embryonal-like connective tissue 1 some vessels and definite collagenous trssue
n others The endothelinm has been suggested as the source of these eells As
the mtimal proliferatton proceeds the media undergoes atrophy and/or necrosis.

Medial hypertroply lias also been encountered in the mahgnant phase

b) In the ““bemgn form’’ of hypertension the wall of the arteriole has been
shown to be thickened while the Iumen either remains i the normal range or
1 lowered Thus the wall to lumen ratio 1s lowered (the wall/lumen fraction
is mereased) The thickening of the wall hias been interpreted as due to two
basie changes, namely, hypertrophy or hyperplasia of the media and the aceu-
mulation of connective elements or hyahn i intima and/or media

The term hy pertrophy of the media has been nsed for a general thickening
in this area One ty pe of medial tluckening has been considered to constst of
an inerease in s17e of smonth muncle fibers Other types have heen less distiet
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Mutrnean- Dr Wakerlm, we would prefer to consider the main change of
accelerated or malignant form of hypertension as imvolving disruption of the
smooth nuscle of the media so that the wall of the vessel assumes the charac-
teristics of fibrinoid

We also prefer to consider the type of hyalinization in the benign form of
bypertension which i noncollagenous and whiceh is lipid contaimng and also
contains other ingredients as a material whieh in essence is derived from alter-
ations of the smooth muscle

Novw, we believe that in experimental preparations, such as the nephrectom-
ized preparation, transitions may be observed between the fibrinoid leston and
the hyalinized lesion We are not attempting to say by this approach that
the two are not qualitatively different in so far as the general appearance 1s
concerned, but what we are attempting to say 1v that our observations here
would lead us to consider the basic source of material as the same, namely,
an intrisie change within the arteriolar wall mvolving the main ingredient
there, smooth muscle
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Discussiox
WagerLy  Dr Murrhead, I wonder 1f you constder the arterolar lesions
of benign and of accelerated or mahignant ll)’p(-rtonsxnyu':: as more or less of a
continuum, or do you beheve ﬂmre'xs a gualitative difference hetween the
arteriolar lesions of benign and malignant hypertension? If so, what 15 the
nature of the qualitative difference
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eter, the intralobular artery. The retention of thiek-ualied, fetaldihe pulmo-
nary arteries when pulmonary hy pertonsion has existed from birth s thus
analogous to the refention of the fetal arrangement of elavtie tissue in the
elastie pulmonary artery subgeeted to amular conditions It can be seen, there-
fore, that ltke the right ventriele, the elastie and museular pulmonary arteries
and the pulmonary arteriales <how by pertrophy mo aexvere chrome pulmonary
Ly pertension

With pulmonary hvpertension the smalf museular pulmonary arteries and
pulmonary arteriles \how progressive intimal probiferation whieh s 3¢ it
cellular in nature, later fibrous, and finally fibroclastic with elastosrs of the
mternal efastie membrane The mtimal ehanges aceur fisst in the pulmonary
artersoles and the smallest museular pulmonard arterses and progress unti}
there is camyplete vascular orelusian Often a small endothelmm-hined central
ehanne! remuns The larger museuldr palmonary arteries rarely show mtimat
fibrouts

With the passage of tyme and the exaggeration of the elevation of pulmo-
nary resstance by the ceclussve mtimal fewioms, extensne dilatation of the
pitmonary artenes and arteroles oecury with thinnme of the media Fibrosrs
spreads from the mtima anto the media

At this stage 1w addition to the generalized dilatation, exeessive loeahuzed
dnstensian of vessels oceurs at the sites uhere the musenlar pulmonary arteries
gine rie to artertales, te, proumally m the pulmonary vaseular tree as side
branches of med \ tar pul artesies and dintally m the
pufmonary vascular tree as terrmnations of <swall museunlar puimonary ar-
teries These complex ** dilatation deszony”” are pathognomonic of vevere chronie
pulmonary artenal hyperiension and may asvame one of four mam form

Diwsration Lestons
Arteriolar Vesnlihe Branchee of Oceluded Arteries

The artersolar branchey of 2 hypertropined mmsentar puimonsry arter) mar
dslate proumal or distal to the site nf fibretic occlusion of the arters and form
vessels that look Dike verns Thewe characterntically eluster around the parent
artery before passing to the Jung substance to form aheolar capiliaries

The Plexiform Lenuan

The braneh may dilate excessnely to form a ~ae. and plexaform masses of
proliferated endothehium may form n this sac together with thrombus The
ceftular matertal m this plexiform lesion wmerges proximally with mtimal

fibrous trane m the parent muscutar pulmonary artery and eventually, atself,
undergoes fibrosts

The Angomatosd Lesion

The dilated thin-walled branches may eluster in the funz substance to form
an anuomatond mass before giving rise to thin-nalled veswels which etentually
ferm eapillaries 1 the alseolar nalls



Structural Alterations of Pulmonary Vessels in

Response to Pulmonary Hypertension

Dy Doxaup Heatn

THE PRESENCE of severe, chronie pulnionary arterial hypertension, charac-
teristic histologie changes oceur mn the elastic and muscular arteries and
the arterioles of the lung They occur in the media and the intima, In the
fetus, the configuration of the elastic tissue in the media of the pulmonary
trunk 1s similar to that of the aorta, although there are mimor differences In
both there are many elastie fibrils among the smooth musele and collagen
These fibrils are long, uniform, crenated and tightly packed and are parallel
with one another Although this configuration of elastic tissue remains n the
adult aorta, n the normal changes cccur 1 the pulmonary artery so that the
adult appearance is one of a loosely arranged network of branehing, irregu-
larly shaped, fragmented clastic fibrils A transitional pattern 1s found in
mfaney In severe pulmonary hypertension, the mecia of the elastic pulmo-
nary artery thickens 1n all eases, but the eonfiguration of the elastte tissue mn it
depends on the time of onset of the raised pulmonary blood pressure If the
pulmonary hypertenston is present from birth, as in cases of large ventricular
septal defeet or wide patent ductus arteriosus, the media of the pulmonary
artery retamns the fetal relationship to the aorta and has a simlar clastic
configuration to that of the aorta If the pulmonary hy pertension develops in
later life, as 1 atrial septal defect or mitral stenosis, the configuration of elas-
tie tissue 1 the media of the pulmonary artery has undergone the transitton
nto its adult pulmonary form In pulmonary hypertension, the ntima of the
elastic pulmonary arteres 15 the site of atheroma but not of severe mtimal
fibrosis
The muscular pulmonary arteries are vessels hetween 100 and 1000 microns
mn dhiameter The media of this elass of vessel conststs mamly of smooth musele
bound within internal and external elastic lammae, and the normal thickness
of the media is 5 per cent or less of the external diameter of the artery In
chronic pulmonary hiypertension, this thickness inercases to as much as 30 per
cent of the external diameter While this merease 15 brought about mamly by
the development of eircularly arranged smooth musele fibers, longttudinal
muscle may develop, usually under the esternal elastic lamma Constriction
may account for come of this mereased medial thickness Tlie normal pulmo-
nary arteriole 14 100 mierons or less 1 diameter and eonsists of a single elastic
lam.mn with an endothelial imng In pulmonary hy pertenston the arteriole
has a thick musenlar media like that of the fetal artery of comparable diam-

Tins abstract 13 based on data derieed from current research by the author and collaborators
4t the Mayo Clintc and Mayo Foundation wchich will appear 1n seteral papers

122
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This was inferpreted as organization of a thrombus in the lumen of a pulme-
nary artery in whicl there was a contribntion of vessels from = penetrating
Braneh of & bronelual artery.

2 The second shide was of a cast of a lung from a patient with common
verteiele who dred at the age of 13 years Here the extreme tortuosity and
rapil dwindling of «mall pulmonary arteries was demonstrated at whieh
points there were conncetions with bronelial arteries mterpreted to corre-
spand with the observations of the preceding slide

Hearnt [ would not aecept the 2 lesions that Professor Liebow showed as
being angiomatoid lesions which are large di-crete masses lying about 1 mm
from the parent musenlar putmonary artery I would deseribe the vessels he
<honed as distended vemn-hike hranehrs of musenfar primenary arierics which
are common i hyperteitstve pulmonary vaseular disease Argiomatoid Jesions
are, in contrast, rare and I have m fact seen them 1 only 2 eases of large
Tentrienlar septal defeet with palmonary hypertension

Liesow: The first stde shown i the diseussion represented a point where
some of these vessels eome tuto relation with the plexaform mass i the lumen
At otuer levels, Yhere was a true crown of adihbional vessels to form an
““angiomatord'” lesion T am qmite cognizant of the pomt that Dr Heath s
making

Cramyiax Eowaros Dr Heath, 3ou might mention some of your work on
the Junction of the pulinonary and bronehial vessels in eases of high-grade
pulmonary vascular disease

1 wonder 1f you wauld care ta comment about the possthility that some of
these Jarge vessels might possbly be bronehial collaterals,

Tigarr - The bronchial arteries are enlarged in cases of hypertensne pulmo-
nary vasealar diseass With widespread ocelusion of pulmonary arteries These
branelal arteries are seen in the pleura. in the walls of the bronehi, and as
enlarged vasa vasorumn of the elastic arteries They e rise to thin-walled
branches which enter the lung parenchs ma
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The Cavernous Lesion

The dilated branches may form eavernous spaces in the lung,

Occasionally the dilatation oceurs, not in an arteriole, but in a small museu-
lar pulmonary artery itself The media thins and there 1s intimal proliferation
of fibrous tissue often m an enion-layering pattern

Each of these lesions is formed essentially from cilatation of arterioles or
small museular pulmonary arteries under the mfluence of chronie severe pul-
monary hypertension Distended thin-walled saes form which are seen
throughout the lung These rupture and give rise to pulmonary hemostderosis

Rarely, when the pulmonary arterial blood pressure rises to high levels,
neerotizing arteritis oceurs, and both acute and subacute phases of this process
will be seen The arteritis appears to begin around the sites where hoth intimal
proliferation and dilatatron lesions first oceur, ie, at the junction of the
muscular pulmonary artery and pulmonary arterrole The muscle undergoes
neerosts, stimulates an inflammatory reaction, and 1s finally replaced by masses
of granulatron tissue in the intima, media, and adventitia

The early vascular changes whieh oceur m atrial septal defeet differ from
those seen 1n ventrteular septal defeet n that cellular intimal proliferation 1m
the pulmonary arteriole and smallest muscular pulmonary artertes precede the
formation of a muscular media 1n the pulmonary arteriole In atrial septal
defect too, 1n contrast to the state of affairs m ventricular septal defect, the
normal transuition to the thin-walled pulmonary arteriole occurs in infaney
In atrial septal defect, medial hypertrophy and mtimal proliferation are seen
only with complicating pulmonary hypertension

Discussiox

Lrerow The only comments I have are first, that 1t has been shown by
Thomas and ('Neal and others that thrombosis 15 a very important factor
when the walls of the pulmonary vessels have been damaged, and this certamly
15 a common oceurrence 1n severe hypertenston of the lugher ** Heath numbers ™

The second pomt has to do with the angiomatord lesions, the remarkable
halo of vessels that Dr Heath has shown I wonder what evidence he has that
these are 1 truth new sprouts, so to speak, of pre-existing pulmonary arteries
If they are in fact sueh, 1t 1s the first instance where pulmonary arteres have
been shown to act as collaterals for occluded pulmonary arteries

There 15 evidence m some patrents who have had severe pulmonary hyper-
tension, whether primary, or secondary to such conditions as eommon ventri-
cle, that at least some of these channels are enlarged collateral vessels They
are, however, stimulated only 1n those late stages where occluston of the type
that Dr. Heath demonstrated has ocenrred, thus, they are quite analogous
to what happens when an artery 15 interrupted surgically

(At this time, two colored lantern shides were shown of material from ex-
treme pulmonary hypertension where there were occlusive vaseular lestons
and angiomatoid changes) 1 The first showed penetration of a vessel through
{he wall of a pulmonary artery whiel: was the seat of a plexiform ocelusion
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This was interpreted as arganizution of a thrombus in the lumen of o pulmo-
nary artery in which there was a contribution of vessels from a penetrating
Yranch of a bronehial artery

2 The second slide was of & cast of a lang from a patient with common
ventricle who died at the age of 13 years. Here the extreme tortuosity and
rapid dwindling of small ymlmonary arteries was demonstrated at which
pomty there were conteetions with hronelual arteries interpreted to eorre-
spond with the observations of the preceding shide

Hewries 1 would not accept the 2 lesions that Professor Laebow showed as
being angiomatoid lesions which are large duerete masees Ivmng about 1 mm,
front the parent museudar pulmanary artery I would deseribe the vessels he
«howed as distended vein-like branches of mnsenlar primcrary arteries which
are common in hypertensne pulmanary vasevlar disease Angiomatoid lesions
are, 1n contrast, rare and I have i faet seen them in only 2 eases of large
ventrieular septal defect with pulimonary hy pertencion

Ligsow  The fiest slide down in the diseussion represented @ point where
some of these vessels come mio relation with the plexiform mass in the lumen
At other leels, there was a true crown of additional vessels to form an
“angiomatord”” lesion 1 am quite eogmzant of the point that Dr Heath 1
making

Crateyay Bowarps- Dre Heath, you night mention some of your sork on
the junction of the pulmonary and bronchial vessels in cases of high-grade
pulmonary vasenlar disense

I wonder 1f you would care to comment abont the posstbility that some of
these large vessely might possibly be bronchal cotlaterats

Hear: The bronehial arteries are cularged wi cases of hypertenstse pulmo-
nary vascular disease with widespread oeclusion of pulmonary arteties These
bronehial arteries are seen in the pleura, m the walls of the brone, and as
enlarged vasy vasornm af the elastic arteries They pne rise to thin-walled
brauches which enter the lung parenchyma,
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The Cavernous Lesion

The dilated branches may form cavernous spaces in the lung

Occasionally the dilatation ocenrs, not in an arteriole, but in a small museu-
lar pulmonary artery 1tself The media thins and there is intimal prohferation
of fibrous tissue often in an omon-layering pattern.

Bach of these lesions 15 formed essentially from dilatation of arterioles or
small muscular pulmonary arteries under the influence of chronie severe pul-
monary hypertension Distended thin-walled saecs form which are seen
throughout the lung These rupture and give rise to pulmonary hemosiderosis

Rarely, when the pulmonary arteral blood pressure rises to high lesvels,
necrotizing arteritis occurs, and hoth acute and subacute phases of this process
will be seen The arteritrs appears to begin around the sites where both intimal
proliferation and dilatation lestons first occur, ie, at the junction of the
muscular pulmonary artery and pulmonary arteriole The muscle undergoes
necrosis, stimulates an inflammatory reaction, and 1s finally replaced by masses
of granulation tissue in the mtima, media, and adventitia

The early vascular changes which occur in atrial septal defect differ from
those seen m ventricular septal defect in that cellular intimal proliferation m
the pulmonary artertole and smallest musenlar pulmonary arteries precede the
formation of a museular media m the pulmonary arterole In atrial septal
defect too, i contrast to the state of affairs i ventricular septal defect, the
normal transition to the thin-walled pulmonary arteriole oceurs n mfaney
In atrial septal defeet. medial hypertrophy and mtimal prohiferation are seen
only with complicating pulmonary hypertension

DiscussioN

Liepow The only comments I have are. first, that 1t has been shown by
Thomas and (V’Neal and others that thrombosis v a very important factor
when the walls of the pulmonary vessels have been damaged, and this eertamnly
16 & common oceurrence 1n severe hypertension of the higher * Heath numbers ™

The second pomnt has to do with the angiomatoid lestons, the remarkable
halo of vessels that Dr Heath has shown I wonder what evidence he has that
these are 1n truth new sprouts, so to speak, of pre-cxisting pulmonary arteries
If they are m fact suel, 1t 15 the first instanee where pulmonary arteries have
been shown to aet as eollaterals for occluded pulmonary arteries

There 15 evidence 1 some patients who have had severe pulmonary hyper-
tension, whether primary, or secondary to such conditions as common 1entri-
cle, that at least some of these channels are enlarged collateral vessels They
are, however, stimulated only 1n those late stages where oeclsion of the type
that Dr Heath demonstrated has ocenrred, thus, they are quite analogous
to what happens when an artery 1 interrupted surmeally

(At this time, two colored lantern slides were shown of material from.ﬂ-
treme pulmonary by pertension where there were ocelusive vasenlar lesions
and angiomatoid changes) . 1 The first showed penetration Offl vessel thromgh
the wall of a pulmonary artery witel was the <eat of a plexiform acelnston
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Fi1¢ 1 —Diagram of systemne artery shunt to left lower lohe

Fig 2 —Pressure and flow measurements before and after making type of shunt 1llustrated
mfig 1

Fic 3 —Preswure and flow ot shunt 1 s dog with mild arterosclerosss, 8 months after
operation as i fig 1

Fie 4+—As n fig 3, from a dog with severe arteriosclerosis
Fio 5—Thagram of shunt anto mamn pulmonary artery, with Lilateral pulmonary reseetion

Fie 6—Pressure and right pulmonary artery flow f1om 210 Kg dog operuted upon 5 years
before as m fig 5 No arteriosclerosis was present



Experimental Methods for the Production

of Pulmonary Hypertension

By Doxarp J. Ferausox, Erxest M. Berxas, axp Riciarp L., Varco

Tms PAPER 1S A REVIEW of experimental ehronie pulmonary hypertension
and pulmonary arteriosclerosis Recent unpublished data from our own
laboratory are included where they supplement previously published work

Pulmonary hypertension oceurs experimentally as a result of increased
blood flow or from increased resistance to flow In erther case, an augmented
pulmonary blood volume may contribute to the higher pressure Increased
flow per wit of lung follons pulmonary resection, or a shunt from the left
heart into the pulmonary circulation Resistance to flow increases with narrow-
ing of the pulmonary veins, or of the mtral orifice, and with the intravenous
mjection of emboh Somewhat more obscure are the mechamsms by which pul-
monary hypertension and vascular changes developed n rats kept under
times the normal atmospheric pressure,® and m cats subjected to repeated
convulsive doses of metrazol '* Experiments with chrome hypertension, pur-
sued beyond the mere mdueing of vascular disease, have mainly involved use
of a shunt or injection of emboli

SuuxT METHOD

Pressure and Flow Mcasurements

The pulmonary artery in dogs may be anastomosed to the aorta,'® brachio-
cephalie, or left brachial artery ¢ (fig 1) If the pulmonary artery pressure,
measured just proximal to the lung, 1s abose 35 mm Hg when the shunt 1s first
opened, fatal pulmonary cdema 15 likely to occur then, or when the animal
awakens from anesthesta and becomes active;; 1f 1t 15 below 30, arteriosclerosis
1s unhikely to develop, even after several years With a shunt mnto only the
smaller left upper lobe, the dog may survive pulmonary edema; sections show
severe vascular trauma and hemorrhage * The mean veloaity of blood n 2
braclual artery shunt to the left lower lobe 15 60 to 70 em /sce, and flow 13
turbulent (figs 1-6) Measurement of the lateral pressure in the shunt is auiffi-
cult Left atrial pressure rises from 0 to 3 mm Hg when the shunt is opened
(fiz 2)

Flow has been measured either by the Fick method, allowing the dog to
obtain oxygen only througl the shunted lung, or with an electromagnetic flow
meter ¥ In the absence of arterioselerosts, flow through a shunt to the left loner
Iobe, measured by the Fick method, approximates the normal resting cardiac
output, thus doubling the output of the left sventricle® Circumstanees are
unphysiologie with this methad of measurement, since artertal blood 1 de-
saturated. Shunt flow measured by the magnetic meter, with the chest open,
50 to 75 per cent of the resting right heart output, an in-

averages initially
126
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(.

Fre 7(Figs 710 are photemerographs, Verhoff and van Gieson stain ) Pulmonary
arterv B0 @ sn shameter Nhow g ntedt 2 hypertrnph), from a deg with chunt to Jeft lower Jobe
Fio % ~Reranaization of a 320 g putmonary arters obaceved 2 months sfier shunt ta left

tower fobie w1 reoned and putmonary artery w 14 reanastomosed Large mtim i dined «hownels
ase present an the medet and adcstitsa

¥i6 9 ~Restdual fibrotie plaqoe 1n 90 p pulimonary astesy 3 yeirs after shent whih had
produeed severe arteniosferows was Temoted and aArtery was Y

F1o 10 —Furatic smtima) thackeming and focal atrophy of media ta 300 ¢ pulmanary artery
(lonrr lefty I8 months nfter shmnt whick h3d produced severe arterovleross was removed
anl PUimMonary THery was The waa n oecluded The
bivod supply ta the lung was through entaeged browebs i azteres of which eeversl difstol
branches are shown whote, ad)icent to the bronchus

of the other layers (fig 8) At 14 to 21 months the re-establshuent of lumens
18 reacily obsersed mieroscopreally and resnmtance 15 doubtless lowered ¥ Inti-
mal eellnlar mivses are replaced by relatively acellnlar fibrous tissue, whieh
appears to hase contracted, with enlargement of the lumen At five years the
flow resistance was normal {under anesthesia) m one animal, m spite of many
residunal istologic abnormaltties of the sesseh (fiz 93



128 PULMONARY CIRCULATION

crease of 2 to 3 times normal flow to the lower lobe. As arteriosclerosss devel-
ops, shunt pressure gradually rises to the systemic level, and flow is reduced
(figs 8 and 4) Under these eireumstances, flow can no longer be conveniently
measured by the Fick method Two animals with systemic shunt pressure and
severe arterioselerosis had blood flows to the left lower lobe, measured with
the meter, equal to 25 and 30 per cent of the resting right heart output, or
approximately the same amount of flow this lobe would carry under normal
pulmonary artery pressure, in the absence of arteriosclerosis Resistance then
was about 6 times normal

Arterwselerosis 1n Dogs with Shunt

The media of arterial sessels from 20 to 100 microns in diameter of the
external elastica may <how thickening after two weeks of exposure to the
siunt (g 7) Intimal proliferation i noted at about 2 montls and the most
severe changes, with occlusion of mauy vessels, can be found after 6 months
The adventitia shows an increase of collagenaus fibers. There 1 no sudanophile
material m the artertal lestons, nor 18 any excess of polysaccharide substance,
swel as might result from dissolution of elastie tissue, found by the use of
toluidine blute stainmng Thromb1 are not an obvious feature of the process at
any stage. Lesions are segmental in distribution, and are most promment at
the orrgns of branches, as 15 the ease i human disease Veins, eapillartes and
the bronehial arteries remain normal 1n appearance (fizs 7-10)

In our experience, about half the dogs that survive operation develop ar-
terioselerosis The others usually are found to have a narrowed or kinked
anastomosis,

When the shunt is directed Into the mamn pulmonary artery (fig 57, mitual
mean pressure and flow measurements are similar to those where the shunt is
directly into the Jung Vaseular changes, however, are less frequent, mlder,
and later in oceurrence After 20 to 50 weeks, 4 of 16 dogs with ths type of
shunt bad shight medial hypertropby of the pulmonary arterioles ® The others
had normal appearing lungs. One such animal with a restmg flow 3 times nor-
mal per umt of lung and a mean pulmonary artery pressure under anesthesia
varying between 26 and 32 mm Hg, has gone 51 years without developmg any
arterioselerosts

A possible explanation of the dufferent results with these two types of shunt
is that the pubanle thrust of blood 1 a direct shunt to the left lower lobe
1s transmitted to the small vessels, while in the other fype thiy force 15 dissi-
pated 1n the reservoir provided by the man pulmonary artery

Regression of Arterwsclerosis with Pressure Restored lo Normal

Removal of a systemic-pulmonary artery shunt and re-establishment of the
normal connrectioms of the pulmonary artery restores pressure immediately to
normal, although flow is doubtless reduced when arterioselerosis is present
Changes oceurring in severe arteriosclerosts after this procedure have been
studied m 4 dogs, in whiteht the anastomos1s remamed patent, ene of thew now
followed 5 years Durmg the first 8 to 12 months, chanzes are shgh.t, taking
the form of c.\pilh\ry-qmd recanalizations of the mtima, and sometimes also
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and mtimal lesions in two, and also m two of the wix controls. There have
been 4 deaths from pulmonary hemorrhage m other ammals of the experimen-
tal group Anticoagulants hardly scem hhely to affect the development of
medial 1y pertrophy, and thrembi identified Justologically are seldom found
at any stage in our expermmental ammals Nevertheless, minute depositions
of fibrin or platelets may well play <ome part m ntimal disease, and may
be prevented by continuously effeetnve anticoagulant therapy This problem
requires more study.

VENOUS ORSTRUCTION

It is necessary to narrow all the vemns draimng both lungs m order for pul-
monary ligpertension to develop 16 Exeessive narrowing, for example enough
to cause any rise of pulmonary artery pressure when the hands are applied,
is likely to be followed by fatal pulmonary edema If eonstriction is much less,
howeser, no ypertension develops later When the proper amount of narrow-
mg 15 obtamed, a mean pulmonary artery pressure of 20 to 30 mm g gradu-
ally develops Vasenlar changes are observed after 3 to 6 menths, and resemble
those seen with mitral disease The veins have inereased thickness of adven-
titia and mtima, and the arteries show slight medial hypertroply with ocea-
sional mtimal prolferation. Capillary basement membranes appear to be
thickened, and there are macrophages contaimng hemosiderin in some of the
alveol,

Venous obstruetion has heen nsed 1 combination with a shunt,® i which
ecase vascular changes are hkely to develop 1apidly, but the immediate mor-
tality 15 lngh Experimental mitral stenows 1 dogs can produce pulmonary
lesions similar to those in human disease 1*

INgecTION OF EMBOLT

Harrison (19£8) injected small emboli of human fibrin intravenously in
rabbits, and found pulmonary arterial lesions which he thought were indistin-
gwshable from those occurring 1 disease Otliers 1112141718 ysed autogenous
fibrin or clots, 1n both rabbits and dogs, and obtained similar vascular lesions
when large and repeated doses were given Many emboli disappeared com-
pletely, apparently as a result of fibrimolysis Imitially, seetions of lung showed
a cellular mnfiltrate and edema around the perwisting emboli Capillarzes were
seen begimning to nfiltrate the fibrin at 4 days, and new collagen was obsersed
at 6 days The mnternal elastic was often fragmented Shrinkage or recanaliza-
tion usually occurred, with the result that older fibrotic lesions were eccentric
or polypmd No evidence of progression, fat nfiltration or caleification was
found 1n most of the experiments and pulmonary hypertension when measured
was transtent If injected rabbits were also given various natural fats or cho-
lesterol, the number of embolic lestons was mereased Cholesterol alone also
induced pulmonary atheroselerosis, and this effect in turn was augmented by
mjection of fibrin emboli 1t 15 not known whether the presence of lipids
ncreased the fibroblastie reaction to emboly, fucreased the coagulability of the
blood, or interfered with fibrinolysis
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If thrombosts of the reanastomosed pulmonary artery occurs, the vessels
undergo changes similar to those found when it remans open, but 1 addition
there are many enlarged, thm-walled branches of the bronchial artery {fig
10) Branches of the pulmonary artery distal to the obstruction contamn oxy-
genated blood under low pressure

Absence of Inprd

In dogs with severe pulmonary arteriosclerosis, frozen sections of the lung
show no sudanophile matertal We studied 7 shunt dogs m which hlood choles-
terol was artificially maintained at 5 to 10 times normal during the period of
hypertension # Only a rare fleck of lipid appeared 1n the thiek intimal lesions
of the pulmonary vessels, while grossly visthle atheromata developed in the
coronary arteries and elsewhere The absence of lipid m sclerotic pulmonary
vessels from dogs was also shown by microchemical analysis of sections of
such vessels dissected out of frozen-dried lung These experimental data do
not support a general hypothesis that atheromata are most Ikely to form
where vessels are injured and the intima 1s thickened

Effect of Lung Denervation

Acute effects of pulmonary hypertension 1n dogs ean be well studied with
the preparations similar to that illustrated 1 fizure 18 The lung 15 perfused
with fully oxygenated blood, so that hypoxic effects are avoided, and respira-
tion of the part of the lung under study can be suspended or varied without
changing the animal’s condition

When an mnervated lobe 1s first perfused bv a shunt, the initial pressure
often rises appreciably over a period of 5 to 10 minutes, and then slowly falls
agam Mortic and left airal pressures do not change sigmficantly during this
pertod We surmise that the relatively high pulsatile pressure of the shunt,
released suddenly nto the pulmonary artery, has provoked a protective reflex
contraction of the arterioles Such a process may occur repeatedly when the
animal beecomes active This pressure change 15 not ohserved mn denervated
lobes Muscular hiypertrophy seen mn the arteroles m early weeks of puimo-
nary hypertension implies that active eontraction has been talung place

When the lung 15 denervated, 1t becomes more susceptible to pulmonary
edema resulting from arterial hypertension This was shown 1n dogs prepared
with a controlled shunt 1nto a single segment of the left upper lobe Edema
developed after denervation at the same or at a lower arterial pressure than
that tolerated before denervation, wiile atmal pressure remaimed mormal ®
Denervation has not prevented the development of arteriosclerosts m dogs
with shunts These data suggest that the passive distensthility of the pulmo-
nary arterial vessels mn response to large mereases of blood flow has an upper
Limit where active vasomotor regulation comes into effect, s part, at least,
under nervous control

Effect of Dieumerol
We have followed 6 dogs with left lower lobe shunts and elevated pro-
thrombin times for 6 to 12 months There have been definite arterial medral
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Discussion "

Dasvaxx  Using a similar experimental approach we have produced
changes comparable to those described by Dr Ferguson I would like to add
if [ might, one additsonal sequence of events, and offer a possthle explanation
If one ereates a large left upper lobe pulmonary artery to subclavian anasto-
mosts, a systene pressure develops in the pulmonary artery distal to the shunt
and the resultant vaseular ehanges are those of an acute arteritis In serial
mucroscope studies. the first change to appear 1s hemorrhage 1n the area close
to the anastomosis involving the vessel wall. perivascular space, and alveolar
air spaces (fig 1) In the course of time, red cclly are replaced by wiite eells

-

5 o\ X

Fig 1 —Seetion of lung showing a large Lranch of the pulmonary artery shortly after
anistomosts with the subclavian artery
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CoxcCLUSIONS

1. Medial hypertrophy of the small arterial vossels 1s the first change to be
seen 1n experimental pulmonary hypertension produced by a systeme-
pulmonary artery shunt in dogs

2 Prohferative intimal lesions eausing high flow reststance ean develop
within 3 to 6 months

3 An end-to-end systemie-pulmonary artery shunt 1s mueh more effective
in producing vascular alterations than a shunt into the main pulmonary
artery with a similar mitial merease in mean pressure m the mam pulmo-
nary artery, and 1 blood flow per unit of lung

4 Aceumulations of liptd are not found mn pulmonary vaseular lesions 1n-
duced by a shunt, and high cholesterolemia does not affect sueh lesions m dogs
3 When pulmonary hypertension 1s reheved, ocelusive arterioselerotie le-
sions undergo a slow process of recanalization with a substantial reduetion m
flow resistance after 1 to 2 years

6 Narrowing of pulmonary vemns or the mitral valve m dogs 15 followed
by pulmonary changes stmilar to those in human mutral disease

7 Pulmonary edema cau be mduced by sufficient elevation of pulmenary
arterial pressure, without change 1 the left atrial pressure After deneryation
of the lung, edema occurs at a lower arterial pressure Denervation of the
lung probably dees not affect the meidenee of arterjoselerosis m response to a
shunt

8 Dicumerol appears to have little effeet on the development of experl-
mental pulmonary arterioselerosis

9 Intravenous injection of fibrin emboli may be followed by proliferative
intimal lesions and, later, fibrotic plagques 1 the pulmonary arteries Feeding
Iip1ds inereases the meidence of such lesions 1n rabbits,

1 Bakrses, W I, Buus, F I, Grespray, J 11, and Epwaros, J E Experimental pro
duetion of pulmonary by pertension {to be published)

2 Deverr, G A, and SsuTh, B J.C - Pulmonary hypertension 1 rats Ising under com
pressed air conditions J Exper Med 59 181, 1934
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6 Frrovsoy, D J, Berkas, E M, and Varco, R L Circulatory factors contnibuting to
alterations in pulmonary ascular hustology Surgical Forum 4 267, 1033

7. Ferousox, D J., BErras, E M, and Varco, R L Process of healing 1 experimental
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eular changes are accompanied by elearmg of the alveolar spaces close to the
anastomosiy

T would suggest that the possible explanation for this progressive injury
spread from a pomt elose to the anastomosyy out towards the periphery of the
lung is that there is a time lag between fluid absorption from the alveel and
the mtimal proliferation and medial hypertrophy of the proximal vessels
Perivascular and alveolar hemorrhage at the acute ijury site acts to inerease
extravasenlar presure and acts as 4 barrier to prevent the spread of excessive
flow and pressure to the periphery. As healmg takes place and fluid is ab-
sorbed, the stress is transnutted on beyond the point of the initial damage
Marked mtimal prohiferation oceurs too late to prevent the mjury spread

Karz Mr Chairman, if T ean go away from a purely pathologieal view to a
more dyname, the statement made by Dr Fergusen about pulmonary edema
with denervation interests me and T would like to ask a question Depending
on his answer I may or may not make a statement

CrarvaY Epwarts T might mterrupt by saying we consider pulmonary
edema a pathalogical process

Katz But the mechanism 1s physiologic The question 1s this Do you have
any data 1n these experiments to show 1f there was a clange in the vasomotor
tone between the mnervated and denervated lung to explamn the pulmonary
edemat

Fereusox The answer 15 “‘no ™’

Katz I have read jour publication on this with great interest, and thought
that may be you had no sueh information, and so we have designed an exper:.
ment to test this

We have other experiments which I may hase oceasion to talk about in
commenting on Dr Sarnoff’s presentation, Saturday We have been interested
in the mechanism of pulmenary edema, and o when we learned of your work
e began making A preparation sumilar to yours i the dog, and we are meas.
uring pressure gradtents so that we can get an 1lea of vasomotor tone changes

If we find a change, then we will be satisfied beeause 1t will prove once agamn
that the nerves do affect pulmonary vasomotor tone If there 13 no change, and
edema develops, then we bolieve 1t nught be supportive evidence to a coneept
we have expressed, namely, that the permeability of the pulmonary capillary
wall can he changed 1n a neuro-humoral fashion to give rice fo edema

Dexter T wanted to ask two questions First of all are these lesions whieh
you all have deseribed this afternoon uwmiform and diffuse throughout the
Tungs or are they patchy?

The second question coneerns thrombi T have seen thremb: in the pulmo-
nary vasculature m various diseases whieli have been, and T am sure will be,
diseussed subsequently I am quite surprised that no one exeept Dr Liebow
has even mentioned thrombosis T should hike to ask what role thrombosis plays
m pulmonary vaseular disease And are you absolutely sure—I gather from
your last discussion you are sure—one can differentiate the plexiform lesions

from recanalized thromb ¢

CrateMan EbwarDS T ean answer your first question to save time Pulmo-
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Fig 2 —A later section of pulmonary artery after anastomosis with the sulclavian artery

Fig 3—A scetion of a more peripheral branch of the pulmonary artery after anastomous
of a large branch with the sulklavian artery

and fibroblasts (fig 2) Medial hypertrophy develops in the mvolyed vessels
Distal to the acutely effected area there are dilated pulmonary arteries and a
congested eapillary bed. The next stage 1s a progression of the area of
hemorrhage out towards the pertphery, further medial hypertrophy and be-
ginning intimal probferation in the vessels imyured eachier (fig 3) The vas-
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Howueser, the one powmnt that T wanted to make s that as the hypertension
remains for prolonged periods of time, this particnlar measurement is in-
erensed

Heatit- There appears to be formation of musele i the walls of pulmonsry
arteries in severe, chronie pubmonary hypertension The elastse arteries for
instance boeome thiwek-walled and dilated at the same time, a combination pre.
cluching constriction as a eause of the increase in thickness of the media.
Tongtudinal musele 13 seen in these asteries as ¥ iustrated 3n my paper
Small musenisr putmenary arterioles, lews than «ay 30 mierons m external
dinmeter, have too bttfe musele tissue in their walls to be esplained by the
eonstriction of normal muscular pulmonary srteries swhich wsually execeed
100 microns in diameter

Dasuaxs. In the expersmental animal, followngy creation of a systesne-
puimenary artery shunt, ene can find definute extdence of an wnererce 1n wall
thickness The first change vonid appear to be difatation This is followed by
thickemng of the wall Seral studies after the first dilatation demonstrate a
steady mereave i wall thickness without a change in lumen stze Therefore, we
mund conchide that changes i sall thickness are ot 8 resalt of dilatation,
or constriction, but represent cellular hypertrophy

Bay Smce | am neither s patholegist nor a surgeon, I feel entstled to ask
Dr Dammann why those beauntiful pictares of the hemorrhages between the
nedia and the ads entitia couldn’t be reparded a9 surgcally produced dis<ect-
ing snenrysma

Daststaxs 1 thmk the spread of hemorrhage distally while beahng ocenrs
proximally 1 not the sequence of events one wauld expeet from a surgieally
created dissecting aneurysm Furthermore, controel biopsies taken before the
anastomows s fully opened fail to reveal pernascular hemorrhage
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nary arterial lesions definitely are patehy Now, as far as the thrombi, Dr,
Heath or Dr. Ferguson, which of you would hike to start that diseussion?

Frrauson - T would say, as T said before, I haven’t seen the thrombi at any
stage in the lung, and the dogs go along for a long period of weeks or months
without developing any change except medial hypertrophy T thmk ths 1s the
first cliange. We may sce a small layer of mntumal proliferation I don’t know
how one ean say whether this began with a small amount of fibrin deposition
or perhaps an aceumulation of platelets on the vessel wall which techmieally,
T suppose, would make it a thrombotic Iesion, In any case, we don’t see any
gross thrombosis 1 any stage 1n the dog

DexTer - You do see it, however, in the human diceases, don’t you?

FrrousoN Yes

CuARMAN Epwarbs By studying patients at all stages you will observe
some 10 whom Jesions are Just beminning The intimal lesions at first are cellu-
lar and later fibrous One does not see a group of cases with thrombi

There 15 one pont that needs some clartfication here and perhaps Dr Wart-
man may wish to comment on 1t If you inject clotted hlood nto the pulmo-
nary vessels you may end up with fibrous lesions 1n the vessels Some of thewe
lesions may sumply be fibrons reactions proximal to the pomnt of lodgement
of emboly Dr Wartman, you have worked with thi, would you care to make
some comment ¢

WaRTMAN First of all. T don't have any slides and I did vot come prepared
for this It 1s true that perhaps some of these might be lesions beyond the
thrombi

1 was also interested in what Dr Dammann said about hemorrhage around
the blood vessels If you mnject particles nto the blood vessels, these are <ome-
times cleared out of the blood vessels and form little lestans similar to the
ones he showed outside of the blood vessel. These seem to move further anay
as the hemorrhage clears

SrorT 1 would hike to raise a question about the uwse of the term hyper-
trophy, because I think that the speakers have equated an mereased wall-
lumen ratio with hypertrophy

1 would therefore like to ask each of the three speakers whether he has
actually measured the cross-seetional area of the media of comparable artenies.
whether systenue or pulmonary, and compared hypertensives with controls as
0 'Neal, Thomas, and Hartroft (1955) did 1n the case of mitral stenesis

MuirREAD Could you explain the techmque a little better?

SnorT 1 meant by taking the external diameter of the vesse) and calenlating
the area under the external eircumference, then taking the iternal diameter
and defining tlus area, then subtracting one from the other and thereby get-
ting a figure for the actual cress section of the area of media

ALIRHEAR . Wel, the answer 1o the question would be ““no ”’ That approach
hias not been used at least 1n connectton with our material as disetssed here
today.

0f course, we dul measure the vessels from 23 normal dogs,
ing sure that the mner elastica did not appear to be unduly undulated

each time mak-



The Pulmonary Blood Flow in Pufmonary
Toberenlosis and the Effect of Unitateral Ocelusion
of the Pulmonary \rtery

By B, Sovenions

Tm: PATIOPHYSIOLOOIC CIANGES that may affect the carchopnimonary fune-
tion 1 tubereuionis of the lungs are mamfold Both eirculation andd yentila-
tion, and notably their interrelationships, ars changed to a pathologic degree
st a hagh proportion of patients with ynlmonary tubeyenlosrs Nuee there 15
considerable variation from ease 1o ease, no generally vahd picture ean be
gren

I «hall outhne here come of the resuits we have obtmmed m the inveshiga-
tion of & sertes, inclading patients with advanced and relatively <light Jesions

The reported meideners of nght ventricular hypertrophy vary a good deal,
Lt frow autopsy sertes we kate a figure of about 33 per cent for this conch-
tian, evgluated according ta Muller (Samuelson, 1957} This figure 1 based
on imestizatians eonducted prior to the general use of chemotherapy There
13 Teasan 16 expeet o Ingher incidence oning 1o the longer surinial time of
rases with very adianced pulmonary lesions, hecame of our present thera-
peutie resourees Tendding 1o corroborate ths 15 a stady reported by Bruce
(1751}, who found right sentrsenlar by pertrophy 1 75 per cent Findings
¢ mmmnicated by MeClement and fis assocaates {1434) also demonstrate a per-
T ? =~wea despiute Toentgenologse regression of the
. =+ after ehimrea) reso-
Tution of hematogeiun e

Phs rise of pressure i the pulmonary artety tua, veral eauses In
autopsy seres, plearal compiteations and xtensne fikrotic changes have usu.
ally tieen assomaatedd with right ventrienlar hypettrophy It has alvw been ob.
served that signs of cor pulmonale are more common m patients who have
sindergone tharacopiasty These observations are copsonant wath the elmieal
experience that the 1 extent of pu} 3 lesiony 1 not deman-
strably earrelated with the pultuonary arterial pressute Bt on the other
kand, several miestigations hase disclosed a positise correlation between punl-
monary arterial pressure and respiratory msufficeney Gaensler and g assg-
cwtes {1955) shewed that m operations on patients with tuberewlosis the
mortahty was mueh higher i these whose maxunnm breathing capaeits nas
less than 30 per eent of pormal Vgela (1957), toe, found that the maximum
breatinng eapamty hefors pperation was syrmifieantly lgher in patients who
weye fit for work after operapion than m cases that died or wers disabled
after aperation

In iy own mvestigation, the pulmonary artemal pressure showed & nega-
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IV. THE PULMONARY CIRCULATION IN
PRIMARY LUNG DISEASE

CHAIRMAN: LiARs WERKO
Co-cuamryax: Louis N, Karz

Introduetion

Cuaryay Werko  During the last 13 years physiologists and climeians
bave studied the complex problems of the pulmonary Lemodynamies in man in
health and disease, at rest and under various forms of strevs Mueh mforma-
tion has been gathered and many concepts earlter only surmised rest now ona
firm ground In the field to be covered today there have been many new con-
tributions to our knowledge, but there are more guestions which have not yet
been answered It 15 my hope that we will be able to correlate some of the data
which have been gathered, and that in the discussion we may achieve a better
understandmg of what 15 going on 1n the pulmonary cirewit 1n patients % ith
lung disease

I would hike to start out by placing a few provocative guestions before you
Is the cardiac output m patients with Jung diease really mereased? What
regulates the eardiac output under these eireumstanees? Arterial unsatura-
tion, hypervolema or increased oxygen cost of breathing? Does the patient 1
failure have a high eardiac output? How should we define congestive heart
farlure m these patients and differentiate 1t from respiratory failure with
hypoxia? Can we speak of a faiing right ventricle wlen the work of the ven-
tricle 15 mereased several times over normal and over what the same ventricle
does at another oceasion. when no wigns of fatfure are present? Iy drgitalis of
any help to a patient when artertal unsaturation and hypervolemia seem to be
the most 1mportant features of this situation?

Is the high pulmonary arterial pressure in lung disedse due to hypersolemia,
high eardinc output, anoxm or anatomical decrease of the pulmonary vascular
bed ? Or. rather, how muek do each of these factors eontribute to actual pulmo-
nary hypertension mm a given case? Can the pulmonary arterial pressure be
mfluenced by drugs? 1 w0, to what extent and by which mechanssm? What
happens durmg exercise?
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The Pulmonary Blood Flow 1 Pulmonary
Tuberceulosis and the Efleet of Unilateral Oeclusion
of the Pulinonary Artery

By B. Soperuony

THE PATHOPHYSIOLOAIC CHANATS that may affect the cardiopulmonary fune-
tion in tubereulosis of the lungs are mamfald Both eireulation and ventita
tion, and notahly their interrelationships, are changed to a pathologie degree
in a high proportion of patients with pulmonary tubereulosts Sinee there is
considerable variation from ease to case, no generally valid pieture can be
gnen

I shall outhne Liere some of the results we have obtammed n the investiga-
tion of a series, ineluding patients with advanced and relatively slight lesions

The reported incidences of right ventrieular hypertrophy vary a good deal,
but from autopsy series we have a figure of about 33 per cent for this condi
tion, evalnated according to Muller (Ramuelsson, 7952) This figure 15 based
on miestigations conducted priar to the general use of chemotherapy There
18 reason to expeet a lugher incidence owing to the longer survival time of
eases with vers advanced pulmonary lestons, because of our present thera-
peutic resourees Tendmg to corroborate this 14 a study reported by Bruce
(1954), who found right ventricular hypertrophv m 75 per cent Findings
communicated by McClement and lus assoetates (1951) also demaonstrate a per-
manent effect on the hemodynamies despite roentgenologic regression of the
pulmonary lesions, for they found pulmonary hypertension after climeal reso.
lution of hematogeme tuberculosss of the lungs

Thiy rise of pressure 1n the pulmonary artery may have several cauces In
autopsy series, pleural complications and extensive fibrotie ehanges have usu-
ally been associated with right ventricular hypertrophy It has also been ob-
served that signs of cor pulmonale are more common in patients who have
dergone thoracapiasty These obsersations are comsomane sk ¢he elimneal
experience that the r 1 extent of pul -y lesions 1s not demon-
strably corzelated with the pulmonary arterial pressure But on the other
hand, several investigations have disclosed a posttive correlation between pul-
monary arterial pressure and respiratory msufficiency Gaensler and his asso-
ciates (2955) showed that 1 operations on pattents with tuberculosis the
mortality was mueh hgher mn those whose maximum breathing capacity was
less than 50 per cent of normal Uggla (1957), too, found that the maximum
breathung capacity before operation was significantly higher n patients who
were fit for work after operation than in cases that died or were disabled
ater operation

In my own m estigation, the pnlmonary arterial pressure showed a nega-
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tive correlation with the relative maximum breathing capacity (Soderholm,
1957} The reduced maximum breathing capacity and elevated pulmonary
arterial pressure may both result from the same etiologie factor—eontraction
of the lung tissue and the attendant reduction of the anatomie vaseular bed—
and to alveolar hypoventdation accompanied by a functional reduction of the
vascular bed The latter factor is apparently of subordinate importance, as
will be seen from figure 1

-- The par duning exercise x .
et pat during enercrse .
withunlct PAecel .
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Fpammity B
] Ed Eg ) 35 3

Fig 1- Relitionship hetween arterit) oxygen saturation and pulmonary aitenal pressure

Herc we find that depression of the arterzal oxygen saturation by mdueed
hypoxia, produees m a tuberculous patient an elevation of the pulmonary
arterial pressure of the same order of magnitude as that m a normal series
This rise of pressure differs significantly from that observed 1 other cases
of chronie pulmonary discase, and also from that assoctated with hght exer-
cwse both with and without nmlateral pulmonary artery ocelusion An ana-
tomie restriction of the vascular bed therefore seems most plausible, and
evidenee supporting tlis view will be given 1n the discussion on the effect of
unilateral pulmenary artery ocelusion

Another possible cause of pulmonary hypertension is an ncreased blood
flow 1n the lesser circulation Asailable investigations show, howeser, a normal
cardiae output both at rest and during exercise An elevated flow 1n the pul-
monary eireuit could be attributable to bronel 1 ry ana , the
oceurrence of which has been established by the mvestigations of Liebow fmd
his associates. Yet unilateral pulmonary artery ocelusion in eases with wide-
spread pulmonary lesions, in which this shunt might be expect.od', does 'n]nt'
rereal any mercased pressure peripheral to the ocelusion Henee it is unlikely
that etiologie signifieance attaches to an absolute merease of the flow.
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The presence of pulmonary hypertension in catheterized eases eannot be
taken to indicate the true incidence 1n a representative tuberculosis series,
since these cases probably make up a selected group. It is worthy of note,
nevertheless, that in the investigations hitherto reported the pulmonary ar-
terial pressure, measured at rest, has seldom been appreciably elevated, In
major series the mean pulmonary arterial pressure at rest averages between 15
and 20 mm, Hg If, on the other hand, the examination is also performed during
hght exercise, the meidence of pathologieally clevated pressures rises to ahout
10 per cent (van Loo, 1955) Here the upper hmt of a normal pulmonary
arterial pressure during hight exercise has usually been set at 25 mm Hg

Imestigation of the conditions during exererse is aceordingly switable for
elinical purposes The physical working eapacity, measured for mnstance by
means of a bieyele ergometer, 14 appreciably reduced 1n pulmonary tubercu-
lows (Dahlstrom, 1957} Here there 1s a negative correlation to the maximum
breathing eapacity The exercise, morcover, gives rse to arterial hypoxemia
that 15 correlated to the rise of pulmonary arterial pressure (Soderholm,
1937) Comparison of the rise of pressure during exercise with the subject
recumbent, and the physical working eapacity with the subject pedalling a
bicyele ergometer, shows that the lowest physieal working capacity oceurs n
cases with pulmonary hypertension In view of these relations 1t 1s likely that
the restricting factor lies i the impaired breathing capacity, and that the
effect on the hemodynanics of the lesser cireulation 15 a phenomenon resulting
from this ventilatory msufficieney The following ease 13 illustrative

The patient was @ 47 year okl man whose tuberculosis had been detected m 1939,
when he had moderatelv extensne lestons in the mght lung and at the left apex He
was treated With rizht artifieral pneumothorax Left pleurivy supervened mn 1952, and
there was eonspieuous hilateral progression in 1931 At preoperative examination, the
pattent had normal pulmonary artery pressure and normal arterial oxygen saturation,
but even under hght cxereie the pressure Tose to suspected pathologie values comner-
dent with a fall in the artenal oxygen saturation The evammation was therefore 1m-
plemented by left pulmonary artery oeclusion, which resulted 1n a marked rie of
pressure both at rest and under the ame hight exercise as before In each instance the
Tise m pressure was accompanied by redueml oxygen saturation n the brachial artery
These findings suggested that the patient would be unable to tolerate a major resee-
tion. but a smaller resection comprivng i segments (id not scem to be eontraindi-
eated, and wa~ indeed performed without complications When followed-up 7 months
after operation, the patient had normal pulmonary artersal pressures anl oxysen
saturation Huwever, even during very light exercise the pressure rowe to still higher
Values than the corresponding ones hefore ion, and v hen the everene load was
mereased 1t wonnted to excesauvely hgh values The artenal oXygen saturation at the
same tume fell commen-urately The eardiac output was in the normal range both be-
fore and after operation At follow-up, however, the arterio-venons otygen dfference
was already elevated at rest, and the patient was regarded as a ease of tor pulmonale

In order to estimate the sigmificance of a reduction of the anatorme vaseular
bed, we employed the techmique of umlateral pulmonary artery occlusion de-
seribed by Carlens, Hanson and Nordenstrom (1951) With this method a dou-
ble-lumen catheter 1s advanced to the desired position 1n a pulmonary artery,
whereupon the balloon 1s filled with contrast medrum This makes it p\)asxb]ey
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to localize the tip exactly by fuoroscopy. 1f bronchospirometry is done eon-
currently, the examiner can satisfy himself that occlusion is total, for the
oxygen uptake will then be completely abolished mn the oecluded lung He will
alvo have an approximate measure nf the proportion of the total blood flow
that 1s diverted to the nonoceluded Jung As a rule, we did not perform bron-
chospirometry coincident with the cathetertzation, since it greatly disterbs the
basal eonditriens and eomphicates evaltation; however, we did perform it, in
all eases, a few days before er after the other examinations, and the oxygen
uptake then recorded was {aken as a eriterion of the degree of oeclusion

The method generally involves no htazard aside from the conventional cathe-
terization, nor does it cause the patient any distress The patients we studied
were elasufied i two groups one m which the nonoecluded lung was judged
to be quite free from pathologie changes, and one 1 which both lungs showed
more or less advanced parentchymal lesions The two groups were sumlar wath
respect to the peripheral cirevlation Although m some cases up to 75 per cent
of the total oxy gen consumption as well as the pulmonary blood flow had been
transferred 10 the nou-occluded lung, netther the 0. consumption nor the
arterio-venous oxygen differenee were altercd Ilence the eardiac output was
maintamned and the <ystemie arterial pressure remarned quite unehanged This
was true both at 1est and under light exerese, and fully accorded with the
results obtained m ammal experiments (Lategola, 1956; Frank et al, 1936).

As regards the resprration, however, our results diverged from those re-
ported n animal esperiments In these latter, Bitter (1956) and Folkow &
Pappenltenner (1956) showed that the total ventilation increased tn propor-
tiom 1o the oxygen uptake which previousty oceurred m the occluded part of
the lung, for this part naturally serves as an mereased dead space In our
tests, on the other hand, m which there was no Jocal or general anesthesa, an
wmerease of the total ventilation oceurred only to a limited extent In caves
where about 50 per cent of the oxygen uptake was occlided, so that the ven-
tilation could be expected theoretically to rise by about 83 per cent, the ob
served rise in fact amounted to only 30 per eent This discrepancy may be
attributable to the anesthesta and artificial resprration an the anmmal experi-
nrents, m which edse 1t would pornt to an altered distrihution of the respird-
tory volunte, possibly dute to mnercased bronehial muscle tonus n the occlided
part of the lung .

As regards the hemodynamies of the Jesser circulation, the effect of uni-
Iateral pulmonary artery occlusjon was all the more conspienous, and Qaffered
1m the two groups In both instances there was a significant rise wn the pulmo-
nary arterial pressure, and 1t was correlated to the oxygen uptake of the
ocelided lung In cases of virtually normal perfused lungs the rise ¥as mod-
erate, being of the order of 40 per cent on dottbling of the blond flow.

In the group with parenchymal lesions, on the other hand, the ri*¢ 3
sigmficantly greater, its order of magnitude was 70 per cent on similar
doubhing of the flow

In both groups the relationship was the same in examinations at rest and
during exercise The results aceordingly show & direct correlation between the

rise was
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flow and the volume of the avatlable vasenlar bed ou the one hand, and the
pubmonary arterwl pressure on the other Compartwon of these investigations
and these eomdvetrd by Tategoln (2236) w dags, in which le caleulated the
effective vaseular area with a similar though more acenrate method, shows
very clone agreement.

We bave noted earher that the ventilation-blood flvw ratios s the lungs are
aften patholomeally changed m pulmonary tubereulosis The wffect of these
changes ean be measured quantitatively with the method deviced by Riley &
Conrnand {1913}, based on high and low oxygen breathing for determination
of the dutusion eapaesty The venous admuistare into the arterial blood that
can be determmed by this method 16 a eriterion of the degree of ventilation.
perfusion disturbances, and the venous admixture 1 known to be elevated mn
wost cases of pulmonary tabereulowis In our cases under study we have
found values up te 30 per cent of the vandiac output By combining thi
method with unilateral pulmonary arters ocelnsion it 15 possble, under eer-
1am eondiitons, to estimate the venons adousture i the oceluded part of the
tung The methad s appropriate m eases with extensive unilateral lesions, but
11 those with bilateral changes that respond with a hugh preware to ocelusion
of one pulmonary artery the venous ad often tabl,
reflecting a greater perfusten of poorly ventilated areas in that parr of tlxe
fung I will exemplify the method by outliming 2 eases that we studied both
preopesatively and pastoperatuely (fig 23,

The tir<t of them converned a 32 year old man who, 1 1951, wa. found to hase
moderately extensive lestona of the Jeft lupz The follawing year there was masie
progre=aon ia the came lunz Not antil 19 nould the patient agree to adequate
treatment, and wa- then subjected to wrehtonb th i The was fol-
lowed by a complieating brondual fistala, and a rewydual mnt\ was found The pre-
aperative exsmination bad been earrind ont with coepct to the po-abilittes of pen-
monectomy.

Botk at reut and during sxerese the poimonary artenal prewsures were narmal, but
the artenal 00 gen ~aturation was pathologirally reducsd. There nas ~ome elevation of
the dead -pace ventlation. OT greater intere<t, howerer. was the low diffusion eapaeity
{determined, unfortunately, anly at resty and the elevated venous admcture wto the
arterial hlood

On ocelowon of the left pulmenary artery we found virtually ne chanze w the pul-
monary atternl presares, The diffu~ion eapacity was unehanzed, bot the venuns
admuxtare deereaved marhediy

Folow-aps 12 monthe after the preumancetomy <haned, i prmaple, the <eme re-
~uits as the preog snh 1eft pat v artery oetlusion The dead
space ventilation, as wa to he expected, had ocrrased The ffusim and venoes ad-
mxture were unchanged

Thrs case demonstrates both that the hemodynamies may remain practieally
normal 1 spre of widespread pulmonasy lesions and that the dsturbed
ventitationblood flow ratte in a so-ealled destrosed lung manfested as m.
ereased dead space ventilation and venous admixture tnto the arterial hlood,
can be quantitatively evaluated by pulmonary artery oeclnston (fg 3)

The tecond ease relates to & 30 yeor i woman whowe tubereulous was ashered 1
with bilateral tesions as long agn 85 1931 Sbe had heen treated with right and left ar-
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to localize the tip exactly by fiuoroseopy 1f bronehospirometry 15 done con-
currently, the examiner ean satisfy lumself that ocelusion s total, for the
oxygen uptake will then be eompletely abolished in the oceluded lung. He will
also have an approximate measure of the proportion of the total blood flow
that is diverted to the nonocelnded Jung As a rule, we did not perform bron-
chospirometry comeident with the catheterization, smee it greatly disturbs the
basal conditions and eomplicates evalnation; however, we did perform it, in
all eases, a few days before or after the other examunations, and the oxygen
uptake then recorded was taken as a eriterion of the degree of occlusion
The method generally mvolves no hazard aside from the conventional cathe-
terization, nor does it cause the patient any distress The patients we studied
were classified in two groups. one 1 which the nonoccluded lung was Judged
to be quite free from pathologie changes, and one mn which both lungs showed
more or less advanced parenchy mat lesions The two groups were sumtlar with
respeet to the peripleral eirevlation Althongh m some eases up to 73 per eent
of the total oxygen consumption as well as the pulmonary blood flow bad been
transferred to the non-occluded luny, neither the 0, eonsumption nor the
arterio-venous oxygen difference were altered Ilence the cardiac output was
maintained and the systemic arterial pressure rematned quite unchanged This
was true both at rest and under Light exereise, and fully accorded with the
results obtained in animal experiments (Lategola, 1956; Frank et al, 1956)
As regards the respiration, however, our results diverged front those re-
ported 1 ammmal experiments In these latter, Bitter (1956) and Folkow &
Pappenheimer (1956) shoned that the total ventilation mereased m propor-
tion to the oxygen uptake which previousy oceurred in the occluded part of
the lung, for tlus part naturally serves as an inereased dead space In our
tests, on the other hand, 1 which there was no local or gensral anesthesta, an
inciease of the total ventilation occurted only to a hmited extent In eases
where about 50 per eent of the oXygen uptake was oceluded, ~a that the vea-
tilation eould be expected theoretieally to rise by about 85 per cent, the ob-
served rive 1n fact amounted to only 30 per cent This dnerepancy may be
attributable to the anesthewia and artificial respiration 1 the animal exper)-
ments, m which ease 1t would pomt to an altered distribution of the respira-
tory volume, possibly due to mercased bronelial musele tonus m the oceluded
part of the lung
As regards the hemodynamics of the lesser cirenlation, the effect of umi-
lateral pillmonzxry artery oecluston was all the more consprenous, and ihffered
in the two groups In both nstances there was a syzmficant rise i the pulmo-
nary arterial pressure, and 1t was correlated to the oxvgen uptake of the
occlnded Jung. In eases of virtnally normal perfused lungs the rise was mod-
erate, being of the order of 10 per cent on doubling of the hlond flow
In the group with parenchymal lesions, on the other hand, the n&.e was
sigmificantly greater; 1ts order of magmtude was 70 per cent on Similar
doubling of the flow o
In both groups the relationship was the same in examinations at rest and

i s ingly tion between the
during exercise. The resnlts accordingly show a direct correla 1
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tifirsa] prenmothorey, sud jn 1035 had o sabgected to Joft thoraeoplasts Smee 1034
hers had been repented rlapes 1 the nght lang

The preoperative exansmation was desuzned to eluetdate the possthiity of revertion
of the nzht hing.

Fxamination at rest provaded further confirmation of the disturbed centilation-hload
flow ratio that ix often present sn eaves it extensave pulmonary leswns: but the
pratronary acteral presanre wos sormal Howeser, veihiton of the rsght pulmonary
artery eaused g whistantial rise W presyre that was espeesadly marked during light ex-
oreme, and at the same e the seras adretare rose This had to be regarded a4 an
tnereawed perfiaon of poarly ventdated arens and, topther with the elevated palmo-
nary nrtentl pressure, trdicted the pauent’s hontef rardiopuimenary reserves

Ten months after reseetson of the right upper and madadte tobes, the patient onee
more wndervent examination, whieh iowed that sbie bad totorated the speration with
2 muderate further redim o of the eardiopulmonnrt tur tron

In this ease the distnibation of the pathophysiologie changes with respect
o the tvo lungs wax not deternnned The mrestigation did show, hovever, the
bigh degree to which the patient’s enrdiopulnonary resevses were bemg uti-
lred even before the sperstion Novethelews, surgieal treatment was frassble
and shoned gaod results, thanks to carefn] plannmg and hwtmg the resectson
as much as pioskibide
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Fig 2 —{top) Physiologie medsurements i # patient with umlateral lung disease

QA

~—= X 100 = Venous admixture as percentage of total blaod flow
QT

Do:/m*BSA = Diffusion eapacity for oxygen per square meter of body surface area

82 0,5 =  Artenal ovygen saturation

YD w100 = Dead space solume as a fraction of tatal volume of expired ar
YE

Pra= Pulmonary arterial pressure

¥ig 3.—~(bottom) Physinlogic measurements i a patient with bilateral tuberculosis
Pa0: = Artenial oxygen saturation (percent of normal)

Other abbreviationa same as an figure 2.



Fllects of Lung Inflation on the Pulmosnary

Vascular Bed

By Ricware L. Rikey

¥ TIHE FOLLOWING PRESENTATION | am aching as spokesman for Drs Solbert

Pormutt, John Howell and Donald Proctor. These men did the work and
wilt present it before the Ameriean Physialogieal Socsety next moath * T con-
tributed concentrated thonght and tack part wm some of the uproarious dis-
enssions

First § shonld hike to present data on pulmonary vasenlar pressure and
yolume w relatron to Tung iuflation, then shaw & model with which the expers-
mental findings ean be simulated, and finally draw mferences regarding the
pressure surroundmyg the pulmonars vewsels andt awrways

The first expermment whiel T shall deseribe started us on the track of one
of the most antrigng physiologeal phenomena we have ever pursued The
plan 13 shoun in figyre 1 The freshly exered left Jower Jobe of a dog’s lung
Bad the arters and vem cannalated and the blood in the sy<tem replaced by
Dextran The vessels were then connected together by a T-tube and attarhed
10 a manometer The pressure in the vascular syztem at zere alveolar pressure
was then adpusted, the tevel shown in the shde being 4 em above the top of
the lang Vascular volume was kept constant durng lung inflation, by apply-
sng 2 known gmount of peswive or negatie sir pressure to the flwd m the
vaseular systems Total sascular pressure during inflation therefore egualed
the mittal Ruad tevel reading plus the smount added or taken away in the
form of awe pressure The b huts was 1 and, w the example shown,
ung wfation was contralled by adyusting alveolar pressure The data achiel
T shall first present were actually obtawed with the lung placed 1 a tight
box and nflated by negative pressure around it However, posttine and nega.
tive pressure wflation are equivalent with respeet to the amount of Tung
mflation brought about, and yaseular pressure refationships ave the same pro-
vided they are referred in both cases to the prevsure surrounding the lung
To avord confusion, all studies will Ve presented in terms of positive pressure
mflation

Firgure 2 shows the changes m vasenlar pressure veguired 1o mamtam con-
stant vaseular volume when alveolar pressure was changed Lung mflation
1 indicated by rismag alseolar pressure The curve farthest to the left shows
that, when the fimd level m the tube leating from the vasealar system was
4 em below the top of the lung at zero alveolar pressure, more and more Suc-
ton had to be applied 1o the vascular systam o mamntain constant asewlar
velume as {h.e fang was inflated Thes clearly sugiests that the 1asewlar sratem
would have inereased {n volume had this tendeney not been opposed by apply-
tug ncreavingly negatise pressure The eurve farthest to the mght shows that
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when the prossure m the vasendar system was 43 em ahove the top of the
Tang af zern abvealar presure, the vasafar precsure had o be wereased as
the Iuny was nflated m order to mamtam constant sasenlar volume Vaseular
Jolume wosld ke beeome swatles with mflation of the lung but {or the .
ereased 1asentar pressare The central curve whieh rans elose to the ordmate
fhiroughont the entire range shony that when the flnid m the vaseular system
was sk wath the top of the lung at vestunz lupg 1olume, there was little
tendeney for the volume of the yaseylar system to ehange during lung mila-
twon This experiment sngziests that there v no stmpler answer to the question,
»Does the pulmonary sasenlar systew get bigeer or smaller with hung wffa-
tion*"" The auswer depends on the extent to which the vaseular system 1y filled
at the start of the experiment

ft acenrrved (o us that the<e Gndings might be explained if the vancular sys-
tean were made up of 1wo compartments which responded differently to lung
wflation The following experment sugessted & way of testing thi wdea
{fg 3) When the exetsed dog's hung was perfused through the artery. fnd
ran throngh frely when the lung was deflated bt flon decreaced progres-
snely with inflation ontil 2 complete block was selbieved Thrs pomted to the
possabihty that the alseolar capllaries were bemng squeezed shut by the abve-
olar pressure If s, 1t mught be possibie to study the pressare-volume charac-
tevinties of the arteries and veins separately, using thi tamponade techmiue
to ehiminate the capillarres from consideration This proved to be the case, and
with this techinique st way shown that the volume of the arteries alone or of
the veus alome inereaved with long wfation. Howeter, only the range of
alveolar pressures above that requsred 1o produce tamponade vonld be studied
Ereatually a blockimg technique based on an enttrely dafferent primesple was
devised It was found that kerosene could he introduced nto the arteries or
vemns bot wonld not pass throuph the capillaries even when a high pressure
was apphied Using kerowene 1t was posstble to determine the pressure-olume
characteristies of the arteries and veins throughout the entire range of ahe-
olar prewsures Studies with thy technique are shown in the next shide

Figure 4 shows the merease in the volume of the arteries and vems with
langnflation, at comstant vascular pressure Bach svopleth represents a differ-
ent level of vaseular pressure. mereasing frow left to richt Note that the
woinwme of the arterres and vewms wereased with lung mfation both at nega-
tive and &t positive 1aveular pressures. n contrast to the behawvior of the
entire vaseular bed as shown m the earber shde When vascular pressure was
~1fi em of water the arteries ami veins were apparently sucked empty untsl
the tung became woderately mflated Ay vaseular pressure mereased, the abso-
tute volume m the arterses and vemns mereased but the change due to leng
mflatien became less pronounced

After the pressure-volume characterntics of the arteries and veins alone
had been described, 1t became possible to estimate changes m eapsilary volume
by takmg the dsfference betvieen the volume of the total vascular bed and that
of the arteries and veins, at known values of vaseular and alveolar Pressure
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Fig 5 ~—Relatronshsp betwren the solume of hlood w the conteal bed and n the arteries
snd vems, and abseolrr pressure

Figure 5 summarizes ths waformation and eontains the evidence which
strengthened our belief that the pulmouary vaswular o3 stem 1s devided wrto eom-
partments which hate opposite responses to lung mflation, causing the artertes
and sews fo merense m volume and the capdlanies 1o deercase The enrves
on the right differ from those of Hgure 4 1 that the volumes m the arteres
and verns have been added together and each curve starts from the zero
point 1n order to shaw volume change rather than absolute volume The enrves
on the Jeft of the figure mdicate that blood was dwplneed frow the capullares
dunng lang mflation until alveslar pressure became high epough 1o emply
the vessels The amonnt displaved 15 hehieved to represent the velume con-
tamed i the eapilary bed prior to inflahon Note that thie volume was
negligible at a vaseular pressure of —3 5 em and mereased markedly as pres.
gure meredsed to 41 and thew to +4 em Changes in the tatal volumie of blood
wn the Tung Quring inflation, although measuyed dirvectly, are not shown » the
shde They ¢an be ealeulated by taking the alyebrme swm of the amount enter-
g the arterzes and vems and the amonnt teasing the capillary compartment
When vascular pressure was 35 em of water belon the top of the lung, there
was & net mercase m bleod volume with lung mBatian, and when vasenlar
pressure was 4 em above the top of the lung there was a net deevesse When
vascular pressure was Lem above the top of the lung the change an net sol-
ume was Shight These findings provide a satisfavtory explanation for the
origimal observations shown m figure 2

Ajthough in the performance of these eaperiments Drs Houwell, Permutt
and Proeter experrenced the pure and undiiuted thrill of diseovery, we must
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pass from a region of Jower pressure to a regmon of hugher prevsure which
contams the eapiblaries,

For simphieity we hase wwed the ferm eapilianes for the vewels contaned
1 the region of lgher pressuare Howeser, breause the volume of these vessels
1 larger than that expoeted for capillaries alone, tt seems likely that some of
the small artertes and vems are alop contarned m the region uiieh is com
pressedt wath fung imflation

Phystologists have been perfornung pressuresolume studies on the pulmo-
nary sesvels under conditions qiite comparable to ourx for almost 200 yeavs,
if one goes back to Jaller’s experiments w 17603 In spite of confusion on
many points extembing to the present, moat people now agree that when the
tongs are inflated with positne pressure, the 1ascalar 1olume decreases and
resistanee to flow meregsed Findmga to ths effect by Ginncke and Pfeiffer i
18714 were extended w beawttful experunents by Bowditeh and Garland
16879 % They found that the ehanges were the same with either postive or
negative pressure miation provided the blood resertowr was mside the plethys-
mograph dusing negatn e prassure mflation These findings were repeated and
confirmed i 1945 by Vischer® Remampg confusion seems to be related
chiefly ta the fact that when the blood reservinr 1 egtsde the plethysmegraph
during nepatne prewure mflation, there 13 4 deerease m vaseunlar resistance
with fung mflation This finding s readily eaplamed 1 the bight of our <tud-
tes The phenomenon of eamilary ssrrowing with lung mnflation was clearly
devertbed by Poigeutdie w 1855 7 e studied the capillary bed stologiealiy
after mjeeting a congealing substanee Priority m setung forth evidence for
2 two compartment system appears to go to Macklin, a mere 12 years ago m
463

No one to our knowledgs has previously made the assertion. which we now
mahe, that the arteries, vems and probably alse the arways withme the lung
are surrounded by the equiialent of 2 pressure more negatne than iptra-
plenral pressure Onz model shows that thre ean bapper, and the experunental
findings made the conclusion inescapable The capiflaries, on the other hand,
bekave as 1f surrownded by a preswure elosely approxumating that wm the
alieolr We hope that these finidings will not confuse the wsue fur the next
204 years
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coneede that Macklin had deseribed the major findings in 19462 We find no
previous record of anyone who studied the two parts of the pulmonary yas-
cular system separately Usmng a latex solution which would not em;r the
capillaries, Macklin studied the arteries and vemns alone, much as we did using
kerosene, and coneluded . “that in mflation the volume of the arteries an:i
vemns of the mammalian lung is incieased and n deflation it is decreased '’
Macklin also found that the capillaries, when filled with saline, could be
collapsed by elevation of alveolar pressure '

We next set out to devise a model which would behave Itke the lung and,
with luck, give us more msight into the mechanisms mvolved Sueh a model
1s shown 1 figure § Dr Leon Bernstew, who 15 now at the cardiopnlmonary

INFLATION

Fig G —Sehematie drawmg of a model 1 wlich the changes wmn nterstitial volume and
pressure during inflation correspond quahtatnely to the experimental findings tn the lung

laboratory at the Veterans Hospital m Baltimore, built us thrs Krogh spirom-
eter out of transparent plastie The sptrometer contains a balloon which can
be mflated and a small amount of trapped air When nflated, the balloon
pushes up on the inner wall of the spirometer, and the pressure of the trapped
air outside the balloon becomes negative This 1s because of the geometrical
necessity for the space around the balloon to merense as the balloon emlarges
The aerial spheres appearing above the Krogh spirometer in the slide represent
another attempt to demonstrate the same phenomenon. When the volume of
the spheres mereases, the space hetween them must also inerease m volume
If the capillaries are considered to reside mside the balloon m the spirometer,
they will be compressed as the lung 15 mflated, and 1f the arteries and vemns
are cansidered to be coursing through the space surronndmg the balioon, they
will be expanded as the lang 15 inflated With this model 1t 15 possible to simu-
late all of the experimental findmes Somewhere within the substunee of the
lung are regions which act like the balloon m the model and other regions
which act like the space outside the balloon At some point the arteries and
vemns are believed to traterse a boundary corresponding to the balloon and to
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beeause they are too small You are up sgainst the nterfacial tenston betweert
kerosene and water, and if the pressure is not great enough the kerosene wili
not go thremgh It is Wke frying to push a bubble through a very tiny miero-
ingection needle Therefose what the method is weasuring, by the mgemous
subtraction of Dr Riley, 1s not the volume of the capillartes, bul ihe volume
of the bed which 1s n the vessels below a certain stze
It seems 10 me thrs leads one to conclude the opposite of what fie does He
eonciudes that, in r given case, the capliary volume decrenses Tt seemsd fo e
shat what the experiments prove s that the volume of tessels below a certain
wize gets less His results could indseate that the capilfartes have become wider,
<o that the kerosene moved a hittle further into them Thus I think thes most
mgentows and wost iteresting work, on which I congratulate the authors, has
o have & great deal of thgesting before we agree that ther interpretations are
eorrect I would sndeed congratulate the authars on a most stimulating paper
Riey Dy Katz aswsures me this 13 an amazing amount of agreement to
cutain from Dr Burten
We certamnly (id not mean to imply that one siatdates 1 any exact way the
actual Yreathing process when one hias the reserotr ether mside the plethy s
mograph or outside the plethysmograph because actually vaseular pressure
changes during the breathing evels, but we have attempted to show the basie
factors which detersutne the relationshaps We find simply that the pressure
insude the alvcolar eapillaries 1s whatever the head of presure 1 i the statie
condrtion, anad that the pressure oniside the aheolar capillares appears to be
wmply alveolar pressure As you rawe alieolar pressure m relation to the
pressure inwide the eapiflaries, adyusted in relation to any zero pont you want
to take, when the pressure an the autade gots igher than the presvure on the
mside, the capillaries are squeezed shut and a complete block 15 achieved
Inesdentally, we fourd we were then able to study the larger vessels without
using kerosene at presiures above that requred 10 achseve the complete blook
so that the studies using kerosene sumply confirmed the studies sy pressure
black of the smaller vewsels, and were not 1w 8oy way conflicting They ex-
tended the range
1 thoroughly agree that we do not have evidence as {o exaetly which smaller
vesarla are ineluded 1n our central compartment 1 beherve this compartment
does contain more than Just the eapillaries because the volume which can be
expreseed during nflation 18 targer than one would espect to find m the
capillaries alone
We are not trying to simulate true Ife with this medel but to do Just what
Dr Burton Joves to do—to simplify the problem so that we can look at 1t
and see what the basie factors are and, particularly, m this mstanes, what
the proper transmural pressure 18
Obviously that is of the greatest importance and although this i a study
on vessels, we have every reasen to believe, from what we know of arrway
function, that the awways, hke the arteries aud the 1ems, are travelmg
through this space outside the balloons and are therefore subjected to a nega-
tive prevsase which 13 more negative thay mtrapleural pressure
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Discussion

CHAIRMAN WERKG. I would like to ask Dr Burton if he has any comments.
Burrox Of course, I liave lots of comments, but T had better keep them for
some other oecasion
Dr Riley has tried to trap me. T have to admit the pressure 1 this spirom-
eter does go negative He thinks that if I admit that, people will think I agree
to all his conclusions On the eontrary, though I feel that 1t is a very nice
model, T am not surprived at, and the physieists would predet, w hat happens
Yet I don’t admit that this has anythmg to do with the lungs m the thoracic
cage
I would begin to admit that 1t was related, 1f, when I took an Imspiration,
my lungs forced out my ribs, but I don’t believe they do that So I really think
that the model is very interesting and a nice thing to argue about, but 1t 15 not
really related to respiration
I feel that for this work of Dr Riley, we ought to be grateful to him Tt 1
interesting and original, and will keep us busy for a long while argwing about
1t However, I want to raise one or two points I would be very foolish to stick
my neck out right now, because obviously Dr Riley has spent much more time
erguing and thinking about 1t than T have
There are two pomts that strtke me at onee First of all, the general results,
without separating the capallaries from the rest of the vaseular bed, 1t seems
to me are in general agreement with the 1deas I spoke about yesterday Dr
Riley did mention the point which 1s often glossed over, that there 15 a tre-
mendous difference, whether the perfusion pressure head 1s 1n the space sub-
Jected to negative inflation, or outside that space
Dr Visscher rawed this pomt recently The point at 1ssue really s which
of these two conditions, the one where you put the pressure head outside the
hox, or where you put 1t inside, represents the respiration m the closed chest.
I myself am 1nclined to the idea that the normal respiratton 1s much more
hike the case where there 15 a eonstant head of pressure, which does not share
m the drop of intrathoracic pressure during inspiration It 13 somewhere
hetween this case and the other It seems to me the pulmonary artery 1s pro-
tected from the negative pressure to some extent, and the pressure does not
fluctuate as much as the ntrathoracie pressure, which it would if it were
analogous to the perfuston hottle 1n the box
When we come to Dr Riley’s mgenious expertment, in which he claims to
separate yolume of the eapillaries from that of the arteries and vemns, by the
use of kerosene, I wonder whetlier there 1sn’t perhaps a fundamental fallacy
lLere. You see, he finds that the kerosene ““will not go through the captllaries
Now, the word ‘capillary’ describes a geographical locatron from a morpho-
Jomeal standpoint, We say these vessels ave ‘capillaries’ but I thimk we have to
ask ourselves why didn’t the kerosene go through the ‘capillaries’t It defi-
nitely was not because the eapillaries possessed some distinetive chemieal

quality which repelled kerosene o
The obvious answer 1 that kerosene will not go through the ‘capillaries
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¥io 1 —Effect of wapiration on ww astery or 1w, S8 aol oy the capllines that de
wethin the edretie walls of siveols {1 4}

both upon **S’7 and upon the pleura When the sive of the tung s mereased
e msprration, the elastie fibers are put on greater fenston, whereupon the pull
upon ‘87’ beeomes greater, tending ta inerease ity sze  Arteries and vemns
thterefore, tend to become larger i mspirahion, provsted that rere btsod i
available to them

On the contrary, smes the eapllanies he within the elastie Gbers, they be-
come elongated and flattened, av theve fibers are subjected to the mspiratory
streteh and conseguent thwning This flattenmig may he sufficient to result
m stueezing ont of biead

Farster  We have, of course, heen interested an what happens to the capil-
lary bed at different lung sohumes and this was one of the measurements we
made with the diffusing capacnty for carbon moenoxide We found there was
very httle ehange tn Dy over the normal range of varation m tung yolume
Now, one fly 1 the omtment 15 Gt Dr Qaensler’s group m Boston have
found a greater ehange, 1 ¢, 4 decrease at mereased lung volumes

There are statements somew here an the literature, that on lnng tnflation
the capitaries s welt as the vemns nould be distended by the supportug tis-
saes pulling on them I believe this 18 unreasonable and I am therefore de-
hizhted to hear Dr Rales’s sdeas, although 1t will be «eseral months before
¥ can digest them I was ver) gratified to see Dr Lacbow eomse out with his
sunphfied digram, which certamly presents my eonception of the anatonueal
relatiomsinps of the eapillartes and also prediets the changes sn the paimonary
capitiary bed with changes i aheolar volume wineh appear to me most rea-
sonable

Unamyax Werko For a couple of years Dr Fishman has been playing
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Courxanp - I wonder whether observations reported by Dr. Frangois Franck
i the 1880’s (1. Francors-Franck, Ch A, Nouvelles recherches sur 1'action
vaso-constrictive pulmonaire du grand sympathique Arch. Physiologie,
7 774-816, 1895.) may not fit in with the coneept wlich you have just pre-
sented By stimulating the first thoracic ganglion, 1n order to identify its vaso-
constrictive action on the pulmonary artery, the Freneh physiologist observed
a pressure rise i the pulmonary artery and a pressure drop in the left atrium
This fitted with constrietion of the vessels 1 some part of the pulmenary or
capillary system However, simultaneous oncographte measurements of an ex-
posed Jobe, demonstrated that 1ts volume was mereasing at the time of the
stimulation, whereas a reduction was expected to go along with artemal or
capiflary vaso-constriction, In order to explain this paradox, Fran¢ors-Franck
suggested that the merease m the volume of the preparation was related to
an merease in blood volume of the distensible Jarge branches of the pulmonary
artery wlhich more than balanced the reduction n blood volume due to the
constrietion of the smaller vessels

Ry « Yes, of course, 1t 15 true that you ean explain any change in the total
vascular bed, when you have one part of 1t getting bigger and the other part
simultaneously getting smaller, but 1t appears, 1n our experience, to be what
13 actually happeming In this situation the hydrostatic pressute in the eapil-
laries 1s 2 very major factor because 1t 1s so much higher at the base of the
lung than at the apex in the upright position Therefore, the eapillary pres-
sure at the apex may be Jess than the alveolar pressure and these capillaries
may therefore be collapsed It takes more and more collapsing pressure to
compress the eapillaries as you approach the base of the lung because the
pressure mside those capillaries is higher by the amount of hydrostatic
pressure With lung mflation we do feel reasonably sure that there 1s a tend-
ency for the eapillaries to be more and more narrowed 1f vascular pressure
15 kept constant

Spaiv T reahize 1t is presumptuous of me to get involved in a biophysical
(question but wouldn't the human situation be more closely approached f the
outer compartment of your model was elastic and not rigid You are assuming
that in humans there is a rigid compartment around the larger vessels—but
tlhs 1y most Likely not so In a model with an outstde elastie compartment the
results would 1ot be so neatly divided into two separate spaces Also it shoutd
be remembored that there 1s muscle m the larger vessels which 1s there for a
purpose, probably to mantan the tone of the vessels and this wonld tend to
counteract some of these other physical influences

Liesow Tie simple muind of the pathologist ean find an explanation of
wonie of Dr Riley’s observations by reference to a model (fig 1)

The effect of imereasing the wize of the lung upon an artery or sein {indi-
cated by *‘S*’) aud upon eapllaries (shown as mnute cireles withim the walls
of the alveol), is fllistrated The Iung s shown in frontal section as if com-

1y four alveols, the elastie walls of which 1,2, 3, and 4, insert upon
' re sucl; as <8’ which they hold in suspension.
a streteh There is a constant pull, therefore,

posed of on
the pleura and upon any struetu
This elastic tissue 1s always on



PIIE PULMONARY CIRCULATION N FRIMARY LUNG DIREARE 139

£ “M_,.‘_W,NWWW et
s U\A./\/\N\/\}\J\w WV W, ;... NI KU

P
PROXINAL

2
-
2
»
-

= e T TR
acgmniny o
@ oeFuAtiow  of  ourLmow

Fia 1 —The eflect of zeute acclunon of the nght pulmon-rs orters on blood pressures
distal and proxamal to the oeclusan
pressures presumably exist m the left atrium Despite these low pressures, the
asmration of 20 to 40 m! of Dlood across the pulmonary eapifiary bed 13 read-
iy lished The ease of phng suggests that there 1o no closure of
some vaseular segment beyond the balloon This 1ype of olsarsation kas led us
1o beheve that if a “erstical closmy pressure’” for the lung vessels does exint,
1t 18 probably exceedingly fown

Cramsay Wesko Dr Frhman, m those eases you had a pressure of 5
mm He beyond the balloon?

Frpax Usnally 5 to 7 om

Cuamyany Werko What was the pleural pressuret

Fronmax W have nothmg on the pleural pressure

Cuamuany Werko It would appear that the pressure 3 higher than 3
mm Hg sf the pleural pressurs s balow atmospherie

Brzzox One pomt ¥ wonld ke to resterate 1o that 1f ne have vasomolor
tone {about which we were talking yesterday ) then I think the eritieal closing
pressure 19 bound to rise considerably If this occurs, | am very puzzled about
the problems m tha lung of keeping sll the vewsels open, becguse of the very
low pressures 1 the sy stem
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with the same balloon 1 unilateral lung disease as Dr. Riley and Dr. Sdder-
holm, and I will ask him 1f he has some comments

Fusuyax: This paper of Dr Séderholm 15 an admirable example of the use
of physiologic methods for the analysis of a complex elinical problem. Rather
than attempt to make general comments about such a comprehensive ret few,
1 should like to concern myself with only one aspect of his study, ie. the
physiwological consequences of mnflating a balloon so as to ocelude one pulmo-
nary artery

Our experience, gained m collaboration with Drs M Brandfonbrener,
A Himmelstein and G M Turino, was gained during measurements of bron-
chral collateral blood flow in patients with unilateral lung disease.

Certain of our observations are mn line with those of Drs Soderholm,
Nordenstrom, Brofman, and others who have inflated a balloon in one pulmo-
nary artery For example, as long as one lung 1s normal, oeclusion of blood
flow to the discase lung raises blood pressure in the main pulmonary artery
by only a few mm Hg Moreover, as ustrated n figure 1, distal to the balleon
the blood pressure falls to a level generally associated with left atrial pres.
sures, and the reeord assumes a pulmonary “‘ wedge’’ contour Fmally, 1f blue
dye or radip-opaque material 1 mtroduced distal to the balloon during com-
plete occlusion, 1e when the bronchospirometrie record mdicates eessation of
oxygen uptake, the tracer substance remans in situ for a long while, only
gradually leaking into the systemie cireulation

However, I should like to stress other aspects of our study which are perti-
nent to two topies of today and yesterday bronchial collateral blood flow n
Lronchieetasss, and ““critical elosing pressure ”

Dr Laebow has demonstrated large systemic-p ry artery
tions 1 bronchiectatic lungs Consequently, we were rather disappointed that
our own studies on patients with moderately severe bronchiectasis failed to
show blood flows 1n excess of 600 ml per minute Moreover, blood samples
withdrann from beyond the balloon were fully saturated with oxygen, alkalotic,
and low in Peo, at a time when systemic arterial blood perfusmg the collateral
vessels was only 70 per cent saturated and normal i pH and Pco, These
values for blood gas composition, the absence of left ventrieular hypertrophy,
and the lack of a wide systemic artemal pulse pressure support the direet
measurements by indieating that the collateral arteries are not pourmg much
blood 1nto the diseased lung

These differences between the anatome displays and the physiologic meay-
urements are easily reconciled Dr Liebow 1z apparently demonstrating the
collateral errculation m a lung which was virtually destroyed by chronie sup-
purative disease On the other hand, our values for collateral blood flow were
obtamed i patients with moderately severe bronchiectasis, who had been
spared the complications of extensive destruction and fibrosis of the fl(l;ncent
parenchyma, pulmonary distortion, pleural symphysis and mediastinal dss-

placement
With respect to the ““eritical closing pressure,” figure 1 Mlustrates that

blood pressures beyond the balloon fell to a level of 5 to 7 mm g Similar



THE PULMONARY CIRCULATION IN PRIMARY LUNG DISEASE 161

Except for vagal syneope in two patients who were standing waiting to begin
exererse, there were no 11l effects from this procedure

To indicate that pulmonary emphysema was present, 1t 13 desirable to note
the abnormalities in the pulmonary function studies All patients were men
between the ages of 40 and G0 years, with an average of 53 years For the sake
of clarity and convenience we have rather arhitranly arranged these 10 pa-
tients in the order of an mereasing maximum breathing capacity with the
lowest (13 per eent of predicted) being on the left, and the highest 55 per cent
being on the right The solid bar represents the mean normal value, and the
bracket sign, the range of normal In fizure 1 the maximum mid-expiratory

MAXIMUM MID EXPIRATORY FLOW RESIDUAL VOLUME IN 56
Ry

UTERS /sEC —— 1w

1

o

Fig 1 —Maximum and mid expiratory flow 13 shown on the left and residual volume as a
pereentage of the total lung volume 18 shown on the might

flow 15 shown on the left, and the residual volume as a per cent of the total
lung volume 1s shown on the mght It may be seen that one patient falls m the
normal range 1n each of these studies The arterial oxygen saturation during
exercise vared from 94 per cent down to 49 per cent and the earbon monoxide
diffusion capacity n each instance was low This data has been presented to
mdicate that obstructive emphysema was present in these patients, and that
the degree varied from mild to severe

Before discussing the results of the hemodynamic studies 1n these patients,
1t 15 well to review the range of cardiac outputs in normal subjects Figure 2
shows 92 studies on normal subjects as gathered from the published data of
the authors shown and from unpublished data from our own laboratory All
patients exeept those of Asmussen were studied by the Fick method durmg
pulmonary artery cathetelization The figures for bloed flow and oxygen up-
take are expressed per square meter of body surface area to provide a umform
baws for comparison The arterio-venous oxygen difference s related to the
oxygen uptake and the eardiae mdex 1 accordance with the Fiek prineiple,
and lines of constant A-V difference (1sopleths) having the values mdicated
along the top of the graph may be drawn through the origin As the severity



Cardiac Output in Pulmonary Emphysema

By S. Gusert BrousT, Jn.

Tm: CARDIAC oUTPUT has been stated by some observers to be high in pulmo-
nary emphysema particularly in those patients who have peripheral arterial
oxygen unsaturation The right heart failure which may supervene has been
reported to be a high output farlure. The right ventricle then would be faced
with the paradox of maintammg an elevated cardiac output in the face of an
mereasing pulmonary vascular resistance

The problem of the carcdiac output 1n the patient with emphysema has been
one of great interest to us simnee 1950. In presenting these data before you
today, I am acting as the spokesman for a group working 1 our laboratory on
this problem Dr John Reeves has performed a very great portion of this
work, Dr Robert Grover has also beent an integral part of this team and last,
but certamnly not least, Dr Giles Filley Certawnly, without the council and
help of Dr Filley, much of this work would not have been possible

In 1951 we presented data here in Chieago before the Central Society for
('hinical Rescarch revealing that the mean resting cardiae index in 25 patients
with pulmonary emphysema was 8 0 liters In reviewing the problem recently,
1t was noted that few exercise studies of emphysematous patients have been
published Evaluatron durmg exercise, however, would appear to be less af-
fected by emotional factors, and to approximate more closely the demands
placed upon the errculation by everyday Iife We therefore elected to study
a group of patients with relatively pure emphysema, not complicated by heart
failure, who represented a spectrum of the disease from mild to sesere Ten
men without detectable cardiae or pulmonary disease other than pulmonary
emphysemn were carefully selected for rest and exereise studies by cardiac
catheterization techmques For exereise, walking on the treadmill was em-
ployed because 1t 15 & form of exertion familiar to the patient, and 1t 1s con-
stant and predictable throughout the procedure

The study was initiated by passing a no 7 cardiac catheter in the routine
fashion 1nto the pulmonary artery of the unsedated patient Resting pressures
and cardiac output wete then obtamed. The pattent then walked to the ad-
jacent treadmill, where excreise was almost immediately begun at a speed and
grade previously determued. The arterial and venous mtubation was per-
formed in the same arm, and this arm was supported by a sterile arm rest
during the walk. The electrocardiogram was monitored continuously Frequent
pressure determmations and blood collections were obtamed from the pulmo-
nary and brachial arteries, Expired amr was also collected at regular intervals
The duration of walking varied between 6 to 10 minutes, and the Fiek output
measurements reported here were made during the fifth and sixth minutes

160
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Fig 2 —The range of cardiac output 1 92 normal subjects This material was gathered
from pubbshed data of the authors shown

of the exertion 1ncreases, the oxygen uptake and the cardiae index merease in
such a way that the exercise values fall along a relatively straight line A
mean straight hine drawn by the method of least squares through these exercise
points, and lines representing two standard deviations above and below that
mean are shown as a frame of reference on the two subsequent graphs For
the resting values, 2 eurved mean line was also drawn as well as two standard
deviations above and below that mean A gap was purposely left between the
rest and exercise means due to a lack of data m this area After plotting the
data 1n this fashion, 1f for a given oxygen uptake, the patient has a high
cardrac output, then the plotted value would lie above these normal values,
and conversely, 1f the eardiac output were low, then the plotted value would
£fall lower than these values Ao st may be seen that 1f the cardmae output is
low, the arterio-venous oxygen difference is mereased.

Fagure 3 presents the data of 109 patients with emphysema, excluding those
said to be 1n heart failure, as published by the authors who are listed m the
lower right corner The hines indicating the mean normal and plus and mmus
two standard deviations are shown Here there appears to be a relatively wide
seatter of resting values, with perhaps a greater concentration of points mn the
low normal range There are a few points above and a few below the normal
range. Also the small number of patients who have been studied during exer-
cise and the mildness of the exercise 15 shown

Figure 4 shows the data which we obtained from 10 men with pulmonary
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emphysema recently stucied in our laboratory The normal with two standard
deviations 1 again shown. None of these 10 patients had & high cardiac index,
and at rest most fall 1 the low normal range During exercise two lie in the
low normal range, and the others are slightly mere than two standard devia-
tions below the mean The patient m the normal range whose exercise value
ltes farthest to the right was the one whose pulmonary funetion studies most
nearly approximated normal It is of interest that the other patient in the
low normal range during exereise had severe pulmonary emphysema, and his
exererse point falls farthest to the left There 1s one patient whose eardiae index
decreased with exercise, From these data 1t appears that the cardiae ndex
tends to be low, particularly during exercise, and that the inereased demand
of the tissues for oxygen during exereise 15 partially supplied by mereased
oxygen extraction from the available blood

In figures 5 and 6 are shown the changes i the pulmonary artery pressure
and resistance whieh oceur mn emphysema The pulmonary artery pressure 1s
plotted agamwst the cardiac index The total pulmonary resistanee is mathe-
matieally related to the cardiac index and mean pulmonary artery pressure
in such a way that 1sopleths of eonstant resistance hasing the values indicated
may be drawn through the origin In normals the pulmonary resistance does
not mcrease with exercise, but rather decreases m many subjects The perim-
eter of normal 1s outlined to serve as a basts of reference m the two graphs

In figure 5 are shown 86 patients with emphysema taken from the data
published by the authors shown 1n the upper left corner No attempt has been
made to ndicate which are the resting and which the exererse ponts The
scatter is great, but a large proportion of these values he outside the normal
range

Figure 6 shows the 10 patients we have recently studied indicating the
manner 1 which the pulmonary artery pressure and reswtance change with
exercise 1n each case In all patients, the pulmonary pressure and resistanee
are elevated The changes during exercise 1n some patients tend to follow lines
of constant resistance while some show even a shight decrease 1n resistance, and
1n this respeet these patients approach normal behavior However, in 4 patients
mecluding the one with a falling output, a small change m cardiae output was
accompanted by a large mcrease m pulmonary artery pressure and resistance
This marked mncrease 1n resistance cannot be explamed by ncreasing the flow
in a rigid system It would appear then 1 some of these patients that there
are mechanisms which act during exertion to further increase the pulmonary
vaseular resistanee, which was already elevated at rest.

Becaunse of the poor ventilation already shown in these patients and the
relatively short period of exercise (6 to 10 minutes) which was tolerated, one
wonders if a “‘steady-state’”” was reached and therefore 1f the use of the Fick
principle was valid 3

Pigure 7 presents the data from one of the more se\'ere.ly 1ll patients The
top line indicates the mean pulmonary artery pressure and its response to exer-
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Discussiox

Frirrs: Dr. Blount, you seem eonvineed that the elevation of the pulmonary
arterial pressure could not be attributed to the effect of inereased flow in a
restricted vascular bed How ean you be certain that this is truet

Broust. Probably we shouldn't say we are certain of it, but if we awsume
this to be a rigid system with a fixed resistance, then although there might be
a change of flow, or a change of pressure the reistance should not be altered

Frrrers: Since blood is not & homogencous fluid, T doubt whether a vessel of
fixed dumensions ean be equated 1o a constant resistance to flow.

BrLounT: We believe the increase in resistance in these patients to he due to
other factor~—the effect of hypovia and the factor of the changing hematoerit
in these patients must be considered The hematocrit rises with exercise, one
patient comes to mind n whom the hematoerit rose from a resting value of
52 to 58 with exercise These and doubtless other factors have to be considered
in the evaluation of the inereasing resistance which occurs in these patients
with exercise

Doxatp- I would like to congratulate the author on his excellent presenta-
t1on, 1 wounld also Jike to congratulate him on the excellence of his references

T would like to ask one question about the relationship between the resting
cardiac output and the warmth of the hands. We have found that some pa-
tients with pulmonary emphysema have a slightly elevated cardiac output. On
excretse we have found these people do not show the usual vasoconstriction in
the periphery seen with emphysema I wonder 1f he has any observation about
peripheral cirewlation in relation to the cardiac output.

Brouxt- We have noted warm hands in an occasional patient and in one
patient recently studied, despite the presence of warm hands and a striking
camllary pulsation in the nail beds, the eardiac index was found to be about
2 liters This causes one to wonder about the status of the peripheral eireula.
tion to the extremities in some of these patients Most of these patients, how-
ever, did not have warm extremities

DoNaLp: In pur experience hyperearbia has an important influence on the
errenlatory state of patients with emphysema Most of the patients with *“high
normal”’ cardiac outputs have some degree of carbon dioxide retention

Another interesting relationship is the frequeney of polyeythaemia in em-
physematons patients with dilated and hypertrophied right ventricles These
patients nsually have gross distributional defects, Shortness of breath is not
always a conspicuous feature in such cases.

Dexter. I am very much interested in this paper of Dr. Blount’s. There are
one or two points I would like to rajse for diseussion

1t seems to me that in any extenvve pulmonary disease of this sort, one i
confronted with two factors One is arterial oxygen saturation The other js
increased pulmonary vascular resistance,
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Fig 7 —Dataindicating that a steady state was reached i this particular patient suffering
from pulmonary emphysema

cise approaching and maintaining a steady level of 80 mm Hg at 4 mnutes.
In a like manner the oxygen uptake at rest, upon standing, and for each two
minute collection period throughout the 10 minutes of exercise is shown Tt is
noted to become fairly stable at about 700 ce. per minute after 4 minutes The
cardiac index reveals a similar response at 4 liters per minute

The oxygen saturations in the brachial artery and the pulmonary artery
are seen to drop promptly and then to rise slightly toward the end of the
procedure. Although the data on all of the other patients are not so complete
m each case, we believe that the cardiac index, oxygen uptake and pulme-
nary artery pressure are suffieiently stable after the fifth minute to make the
Fick technique and caleulations of pulmonary resistance reliable

Thus 1n conclusion these 10 patients with emphysema of varymg severity
revealed a normal resting cardiae output; mn fact, most showed a low normal
cardiac output.

The data here presented demonstrate a low and/or normal cardiac output
1n each patient during exercise In no instance was 2 high output found Also
the cases studied indicate the presence of an inereased vascular resistance,
which during exercise, may mn some cases increase, or decrease or remain
unchanged.
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Discussiox

Friris- Dr Blount, you seem convineed that the elevation of the pulmor
arterial pressure eould not be attributed fo the cffect of increased flow
restrieted vaseular bed How can you be certain that this 1s truet

Brount. Probably we shouldn’t say we are certam of it, but 1f we a«
this to be a rimd system with a fised resistance, then although there mig]
a change of How, or a change of pressure the resistance should net be alt

Frirrs - Smce blood is not a homogeneous fimd, I doabt whether a vess
fixed dimensions ean be equated to a constant resistance to flow

BrorsT We believe the increase in resistance in these patients to be &
other factors—the effeet of hypoxia and the factor of the changing hemat
in these patients must be considered. The hematoerit rises with exercise
patient comes 1o mund in whom the hematoerat rose from a resting val
52 to 58 with exercise These and douhtless other factors have to be eansid
m the evaluation of the inereasing ressstance which ocenrs in these pat
with exercise,

Doxatp 1 would like to congratulate the author oa his excellent pres:
tion 1 would also lke to congratulate him on the excelience of his refere

[ would ke to ask one question about the relationship between the re
cardiac output and the warmth of the hands We have found that som:
tients with pulmonars emphysema have a shghtiy elevated cardiac outpuf
exercise we have found these people do not show the usual vasoeonstrietic
the pertpliery seen witl emphysema I wonder if he hias any observation &
peripheral cireulation 1n relation to the cardiae output

Brouxt We have noted warm hands in an oecasional patient and in
patient recently studied, despite the presence of warm hands and a stri
capilary pulsation in the nail beds, the cardiac index was found to he a
2 liters This causes one to wonder about the status of the petiplieral eir
tion to the extremities 1 some of these patients Most of these patients,
ever, did not have warm extremities

Doxatp In our expertence hypercarbia has an important influence o
ureulatory state of patients with emphysema Most of the patients with *
normal’’ cardiac outputs have some degree of earbon dioxide retention

Anothier mteresting relationsiup 15 the frequeney of polyeythaema ir
physematous patients with difated and hypertrophied right ventricles 'l
patients usuaily have gross distributional defeets Shortness of breath x
always & conspieuous feature 1 sueh enses

Dexren: T am very much mterested n tius paper of Dr. Blount’s Ther
ane or two points 1 would like to raise for discussian

Tt seems to me thiat in any estensive pulmonary disease of this sort, o
confronted with two factors One 1s arterial oxygen saturation The oth
mereased pulmonary vascular resistance
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Fig 7——Data indieating that a steady state was reached in this particular patient sufering
from pulmonary emphysema,

cise approaching and maintaming a steady level of 80 mm Hg at 4 mmutes
In a like manner the oxygen uptake at rest, upon standing, and for each twe
minute collection period throughout the 10 minutes of exercise is shown It is
noted to become fairly stable at about 700 ee per minute after 4 minutes The
cardiac index reveals a similar response at 4 liters per minute

The oxygen saturations in the brachial artery and the pulmonary artery
are seen to drop promptly and then to rise slightly toward the end of the
procedure. Although the data on all of the other patients are not so complete
1 each case, we believe that the cardiac index, oxygen uptake and pulmo-
nary artery pressure are sufficiently stable after the fiftlh minute to make the
Fick technique and caleulations of pulmonary resistance reliable

Thus in concluston these 10 patients with emphysema of varying severity
revealed a normal resting eardiac output; in fact, most showed a low normal
eardiac output

The data here presented demonstrate a low and/or normal eardinc output
in each patient during exercise In no instance was a high output found. Also
the cases studied indicate the presence of an increased vascular resistance,
which during exercise, may in some eases increase, or decrease or remati

unchanged.
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givts at this time whether they ean gnve uv any mformation as to what elastic
atains do show n empliysema partieulaely in these very fine air duets just
before the alveoli,

Seatx T know of no reported estensive and carefn) studies on the exact
«tate of the elastie tissne it a large group of cases of emphysema, but 1 betieve
the alterations are variable and not eonsistent so that all sorts of arguments
about pathogeness have arsen

As set the contraversy 1o usiresolsed ax to whether 1 some cases the process
starts witly, B8 you 52 . loss of elastie tisue in the alvealar walls and that this
is the cause of the diffieulty or whether it actually starts in the bronchial
tree with resstanee to airflow as the prime mechansm

Woop [ think that the thesis of tugh cardiae outputs m cor pulmonsaie was
put forward by MeMichael, Sharpey -Sehafer and Howarth m about 1945, and
that everyone has been resisting 1t ever smee,

1t seems to me that Dr Dexter smd sometling which hawn't really been
answered the lower the arterial <atwraton, the higher the pulmonary vasen-
far resistance, so you won't find a high eutpnt m emphysema unless you
happer to piek one with a low resntanee That 13 what Dr Dexter said.

Now then, when the puimonary vaseular resistance is normal in cor pulmo-
nale, and the arterial oxygen satnration low, is not the cardine output hight
This srtuation was found in about 10 per cont of my own series

Patsents with diffuse caremomatosis of the lung can have very hugh cutputs
with low resistances {n these cases, however, there are often depostts 1n the
Diver, and the high output may be attributed to the hepatie state, T wonder
if anyone has some 1nformation about the output when there are no deposits
1 the fiver t I should add that any climeinn should be able to distingush be-
tween pulmonary hiypertensive cor pulmonale with mgh reststance and hypoxie
cor pulmonale with high output and relatively low reswstance,

Covrxaxp May I first comment on the data, indieating a lew cardiae out-
put Aoring exercise You will note that the rate of increase of eardiac outpuy
from rest to exercise mn relation to work as measured by O, uptake, is about
the same, as would be espected m normal subjects, with one exception, i
which the vahdty of the measuretnent 18 questionable 1 wonder also in what
age range were your subjects, since there 13 definite evidence that eardiac put-
put 1 the basal state deereaves with age.

Alvo I take great exception to the validity and meaming of the data con-
eerning pul -+ vaseular rewist bt 1 during exeresse Anyone wka
is fanubar with the pulmonary pressure pulse records, v markedly influenced
by ventilation m these patients, sliould, 1 beheve, accept such ealenlations
with skepticism .

Fually, with regard to the pulmonnry pressure rue, in the range of eser-
erve whieh you used, it iy very small 1 normal subjeets, ajthough the eardine
ontput may be more than doulile ity resting value

BrovNT The ages of these patients varied between 40 and 68, with & wean
of 53 years
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I think there 13 general agreement that an increased cardiac output does
not occur until the arterial oxygen saturation is below about 80 per cent, at
which point cardiac output rises.
An inereased pulmonary vaseular resistance tends to decrease cardiac out-
put. Thus, these two factors play against one another. In your patients, there
was a variable degree of both arterial oxygen unsaturation and an increase of
pulmonary vascular resistance,
It scemed to me that in one of your slides there were three patients whose
arterial oxygen saturations were fairly low, the others being in the high 80%
or low 90 per cent ranges, where there should be na effect on the cardize
output.
I have had a very limited experience 1n studying the response of such pa-
tients to exercise, but what httle T have had, T have found very difficult to
interpret because of the further fall of arterial oxygen saturation
Now when you say that the cardiac output in emphysema 15 not mereased
and 13, 1ndeed, somewhat low, 1t seems to me that this statement must be quali-
fied by pointing out the relative effect of the two variables—arterial unsatura-
tion producing an 1nereased output and raised pulmonary vasenlar resistance
producing a reduced cardiac output The relative preponderance of one over
the other determines the given value
One other pomnt 15 the effeet of posture Most studies with exercise have
been performed with the patient recumbent In your studies they were up-
right 1 remember an early report by Dr Riley et al (Am J Physiwol,
152:372, 1948) in which exereise tn the upright position produced no inerease
of pulmonary arterial pressure, and yet 1n recumbency many have shown a
very definite merease 1 pulmonary arterial pressure as a result of exercise
to the same degree Thus, the effect of posture seems to have & very definite
effect on the response of pulmonary arterial pressure but not of eardac output
for a given amount of oxygen consumption
T can’t in a quick moment analyze what effect the upright position of your
patients would have in comparison with the response of sumlar patients 1n
recumbency reported in the hterature, but I wonder if you could comment
on tlis point
Brovxt We tan only speak relative to the partienlar patients whom we
have studied Their emphysema was of varying severity as we have demon-
strated One had a peripheral arterial saturation of 49 per cent, This patient
had a low resting eardiae output and an madequate response to exercise as
id all of these patients

CoMroE My question concerns the nature of airway obstruction i em-
physema I think that the pulmonary physiologists have come to a concept of
nereased airway obstruetion during expiration that is related to destruction
of elastic tissue, not only in the alveolar walls, but also i the fine air duets
just before the alveoli We speak of this latter ghbly and say that 1t results
in a check valve mechanism but I for one don’t really know what the pﬂ!l]ur
Jogical sections of this particular tissue show I would hike to ask the pathelo.



Decompensated Pulmonary Heart Disease with
a Note on the Effect of Digitalis

By M. Irext Ferrer axp Résaxe M. Harvey

T TIE PRESENT TIME, there is no universally accepted definition of chronic
A cor pulmonale or pulmonary heart disease Our group at Bellevue Ios-
pital however is of the opinion that cor pulmonale should be taken to mean
heart disease sccondary to diseases of the lung, The erux of this definition
lies 1n the demonstration of eardine enlargement, either dilatation and/or
hypertrophy, in assoeration with a pulmonary disease known to be capable of
compromiding right yentricular funetion

Several further points require emphaus at this stage of our knowledge of
cor pulmonale Perhaps in years to come these coneepts will require re-
evajuation or modification bmt at present, in order to stimulate clanty con-
cerming present data or the aequisition of future data, they must be formu-
lated From the defimition just stated it 15 clear that the mere presence of
any form of chrome lung disease and n«)n heart ﬂulure is msufficient evidence
for a diagnosis of cor pul le. It s b dantly evident that the
great majority of pntmnh with cor pulmonale suffer from anoxia or anatomie
eompromise of the vaseunlature and that the suspected culprit, the lung dis-
ease, should therefore be one known to mduce one or both of these causes
of pulmonary hypertension Secondly, it 1s clear from such a definition of
pulmonary heart disease that the presence of pulmonary artery hyperten-
sion per s¢ does not constitute evidence of cor pulmonale Furthermore, 1t is
now certain that all pulmonary disorders whiclt induce mild or even moderate
pulmenary hy pertension do not necessarsly go on to the complication of right
heart involvement The right ventricle has great adaptability and pulmonary
artery pressure elevation alone may not, ipso facto, precipitate a disturbance
m 1ts funetion An analogous situation obtans n the relationship of systemie
hypertension to changes in the left ventricle Fmally, this defimition of cor
pulmonale does not inctude patients with mitral stenosis or congenital heart
disease even though 1t js known that lesions n the lungs exist mn these cases,
smee their lung lesions are secondary to the baste cardiac disorders

In order to detail the features held to be charactertstic of cor pulmenale,
one must go back to the primary lung dusorder to find the beginming of
the natural history of the eardiac complication Thus a physiologie chart
must esentually be constructed for each form of lung disease known to pro-
duce cor pulmonale, with mdications as to the onset of errculatory disturb-
ances Regrettably, data are woefully seant 1n all such diseases sa;'e emphy-

The work described un thi paper was supported by  rescarch grant (I 2001 [C) ) from the
National Heart Institute of the National Inststutes of Health, Umted States Public Health
Seruce
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As regards the inerease in pulmonary artery pressure, this was noted in
each patient and one case showed a rise from a mean of 44 to 105 mm.Hg

Regarding the blood volume, the plasma volume in these patients was within
normal hmits as you have noted but the total blood volume was elevated in
relationshup to the inerease in the red blood cell mass.
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By M. Inext Ferrer axp REsaye M. Ifanvey

Ar THE PRESENT TIME, there is no universally accepted defimition of chronic
eor pulmonale or pulmonary heart disease Our gronp at Bellevue Hon-
pital however 1s of the opimon that cor pulmonale should be taken to mean
heart disease secondary to diseases of the lung The erux of this defimition
ltes in the demonstration of cardiac enlargement, either dilatation and/or
hypertraphy, in association with a pulmonary disease known to be capable of
compromising right yventneunlar function

Several further pmnts require empliasis at this stage of our knowledge of
cor pnlmonale Perhaps 1 years to come these concepts will require re-
eraluation or modification hut at present, in order to stimulate clanty con-
eerning present data or the acquisition of future data, they must be formu-
lated From the definition just stated 1t 1s clear that the mere presence of
any form of ehronie lung disease and right heart failure is insufficient evidence
for a diagnos of cor pul le It s h bundantly evident that the
great majonity of patients with eor pulmonale suffer from anoxia or anatomie
compromise of the yvasculature and that the suspected culpnt, the lung dis-
ease, should therefore be one known to mnduce one or both of these causes
of pulmonary hypertension Sceondly, 1t 1s clear from sueh a definition of
pulmonary heart disease that the presence of pulmonary artery hyperten-
sion per se does not constitute evidence of cor pulmonale Furthermore, 1t is
now certain that all pulmonary disorders which induce mild or even moderate
pulmonary hypertension do not neeessarily go on to the complication of right
heart involvement The right ventricle has great adaptability and pulmonary
artery pressure elevatton alone may not, 1pso facto, precipitate a disturbance
m 1ts funetion An analogaus situation obtains in the 1elationship of systeme
hy pertension to changes in the left ventricle Finally, tins defimtion of cor
pulmonale does not melude patients with mitral stenosis or congenital heart
disease even though 1t 15 known that lesions m the lungs exist in these cases,
simee their lung lesions are secondary to the basie eardiac disorders.

In order to detail the features held to be chara tic of cor pul le,
one must go back to the primary lung disorder to find the beginning of
the natural history of the cardiac complicatton Thus a physiologie chart
must eventually be constructed for each form of lung disease known to pro-
duce cor pulmonale, with indications as to the onset of erreulatory disturb-
ances Regrettably, data are woefully scant n all such diseases save emphy-

The work. descrabed n this paper was supported by a research grant (H-2001 [C]) from the
XNational Heart Institute of the Natonal Institutes of Health, United States Public Health
Service.
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As regards the increase 1n pulmonary artery pressure, this was noted in
each patient and one case shoved a rise from a mean of 44 to 105 mm Hg

Regarding the blood volume, the plasma volume n these patrents was within
normal limits as you have noted but the total blood volume was elevated in
relationship to the inerease in the red bloed cell mass
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of course the anoxir 1n this stage of recovery was ~hll severe (# saturation ot 83 per
cent). The hematoent on the ~econd ~tudy was 54 per eent, an evidence that bone mar-
vow had been continuously «olieited by ~evere, although perhaps sarving levels of
anovia, Thus front the~e data 1t seems Justified to say that hypersolema and elevated
earihae output as well as pulmonary hypertension nay precede sentricnlar failure 10
thns form of eor pultnonale
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T 1 —Cardio pulmoniry function i 21 patients with emphysema Circulitory alterations
aphear with the onset of moderate anoxia RA = rendual air, TC = total lung caprerty,
MBC = miumum breathing eapacity Cardiar output 19 here expressed m liters per munute

PEY square meter BN A The numtera) enclosed in the dath half of the blood solume here 1nds
«dtes the bematont For d.ecnssion see text
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sema, the commonest eause of this disorder, and even heve, there are still many
aps in our knowledge,

Deveroryent or Cor PULvoNatt Dot 1o Exeitvspya

It has been our experience that in only two of the three forms of emphy sema
does eirculatory dysfunction appear- in generalized “*obstruetive’” emphysema
with severe bronebitis, obstruction and anoxir, and in patients with mum-
mum anatomie or plysiologie evidence of emphysema but with severe bron-
chitss, bronehospasm and alveolar hy poventilation In both these forms the ele-
ment of bronchiolar obstruction with alveolar hy poventilation and consequent
anoxia is paramount In the third form, generalized “‘atrophic’” emphysema
characterized by fragmentation of elastic fibers and collapse of bronehioles
but without bronebrtis, sigmficant amoxia (saturation below 90 per cent) 15
rare and cor pulmonale does not oceur mnless a compheation m some of
these subjects, air c¥sts become mfeeted In tlns state the bronehiolar tree 1
undated with seerettons, severe anoxia then oceurs and cor pylmonale may
follow

Smee the eharacteristic features of cor pulmonale secondary to obstructise
emphysema nelude changes n arterial blood gases, cardiac output. lesser
cireulation pressures, and erreulating blood volume, these were measured m a
aroup of emphysematous subjects and are depicted 1 figure 1 These data,
obtammed at rest, suggest a certamn sequence of events When arterial vxygen
saturation at sest falls below 80 to 85 per cent and earbon dioxide tension
rises, one finds disturbaneces at the eirculatory level This ean be seen on the
chart where the cardiae outpnt, pulmonary pressures and hematocrit all show
mereases with moderate anoxia as compared to the emphysematous group with
mild anoxia Other investigators have confirmed these findings ! and empha-
«1zed especially the relationslup between the degree of anoxia and the pulmo-
nary artery pressures?34 We have been fortunate, in our evaluation of the
developmental alterations in the eirculation, m being able to study some patients
at two different stages of their disease, as have others!35® Some recently
acquired data of tius kind are pertinent here

In fizure 2 (JMeC ) data of & 72 year old emphy-ematous subject are outhnel
The first study was made before any beart falure had occurred The absence of this
complieation 15 attested to by the fact that digoxin eau-cd no change in the ereula-
tion (we have found that the output r~es if failure 1v present) .\t fir-t blu-h, one
could say that although cardize output and pulmonary pressures were elevated ahove
normal, no other indieations existed to »uggest that right heart failure «oon would fal-
low However, there 1s need for a second look at the datn On hw routine pulmonary

funetion studies, his arterial <aturation during the 30 step (acute) exerene test fell
from 91 to 67 per cent and his hematocnit, previously 47 per cent at the time of eathe-

megsures direeted at the pulmopary nsufliciency but was not phlehul()"m[!*(l. He was
restudted soon after recovery from fmilure. Comparson hetween evaluations shows that
when he was on the way mfo fulure the cardiac output was higher than when he had
revovered from failure The pulmonars pressures are the «<ame as on the first study and
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Fia. 3 —Hemodynanie data 1n o woman (A C ) with ehronic cor pulmonale For discussion
aee text

deed precede climical right heart failure i1n this woman as shortly thereafter
she developed edema and hepatomogaly

Another series of observations (BB, fig 4) starts with measurements
in frank elimcal right heart failure and eor pulmonale and includes two
studies during the recovery phase. The cardiac output, already high, rises
further with dimtalization as the right heart filing pressure drops te nor-
mal Two weeks later, after great readjustments in the cirenlation have oe-
curred following extensive therapy, blood flow 15 normal and remains so 414
weehs later Some pulmonary hypertenston remained on the second study
however and the patient was still hypervolemic (hematoerit 69 per cent). Phle-
hotomies were then done between the second and third studies and with a fall
n hematocrit to 47 per cent pulmonary pressures jowed 1 the other normal
circulatory funetions,

From studies such as these made on patients with emphysema before right
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Fig, 2 —Hemodynanue data i a 72 year otd male (J.Me C ) The first study was earried out
before heart failure occurred, the second after recovery from furlure.

Figure 3 (A C) offers similar evidence that blood flow, pulmonary artery
and even right ventricular diastolic pressures may merease prior to elmeal
evidences of failure On her first study, although she had mild anoxia and
hypercapnea, this woman’s dynamics at rest were normal She was then al-
lowed full ward activity and hefore discharge was again evaluated Her ciren-
latory status had shifted into the next stage, namely output and pulmenary
pressures had risen at rest, hematoerit was lngher and arterial oxygen satu-
ration lower. Most revealing was an elevated resting right ventricular dins-
tolic pressure. On exereise all pressures rose furtler as blood flow incrom’('d
in a normal fashion This physiologre state of right sentricular strain did in-
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Fig 3 —Hemodyname data 1n a woman (A C ) with chronie cor pulmonale. For disenssion
see text

deed precede clinical right heart farlure mn this woman as shortly thereafter
she developed edema and hepatomogaly

Another series of observations (BB, fig 4) starts with measurements
m frank clinical mght heart failure and cor pulmonale and includes two
studies during the recovery phase The eardiac output, already high, rises
further with digitalization as the right heart fillmg pressure drops to nor-
mal Two weeks later, after great readjustments i the crreulation have oc-
curred following extensive therapy, blood flow 15 normal and remains so 4%
weeks later Some pulmonary hypertension remained on the second study
however and the patient was still hypersolemie (hematoerit 69 per cent) Phle.
botomies were then done between the second and third studies and with a fall
m hematoerit to 47 per cent pulmonary pressures Jomed 1n the other normal
cirenlatory functions

From studies such as these made on patients with emphysema before right
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heart failure develops, during heart failure and after recovery from heart
farlure we can sketch the eurve of blood flow and filhng pressure in cor
pumonale (fig 3) As the circulation changes prior to ventrieular farlure,
output and ventricular diastolie pressure both rise (posttron 3 to 2) With the
onset of failure, further merease 1n filling pressure oceurs but with a reduction
to 1) Digitalization ean eorrect thrs, permtting & sluft
filling pressure deereases On eomplete
ft from posi-

in flow (position 2
back from 1 to 2 as flow mereases and
recovery from the state of cardiopulmonary nsufficieney, the shu
tion 2 to 3 oceurs

This eurve 15 placed 1n a ran.
along the dotted hne where flow
(which we have seen develop in some patients) may

ze of normal blood flow throughout, except
1s diminished This low level of blood flow
represent a late phase of



TIHE FULMONARY CIRCULATION IN PRIMARY LUNG DISCASE 171

v
5l
a
i
> - 2
° 1
v >
<
5 L “
5
.
S ¥ 7
‘\
.
AY
. Y

ENDDIASTOLIC  LENGTH OF MYOCARDIAL FIBERS
e 5—A shematie curve relning changes in eardiae output and n myoeardial Sher
length at the end of diastole m cor puimonale due fo emphysema,

ehronic or recurring right heart failure, while the higher levels of output in
falure may mdicate single acute episodes with httle residual myocardial
damage

LEvEL oF Carpiac Ovreur v Cor Prnyoxave Due 1o Buvivseara

The level of blood flon found i patients with cor pulmonale due to em-
physema has been a subject of much discussion in recent years.?90 1t s gen-
erally agreed that m most instances the level of blood flow in faiture 13 higher
than i patients with rheumatic or degenerative forms of heart disease
and henee may be normal or even igher than normal. However, three
studies 831! have revealed oceasional patients with cardiae ontputs in a low
ot even very fow range at rest A recent study of 16 emphysematous subjeets
by Doctars Fritts and Chidsey in onr laboratory has revealed the mterestinge
pomnt that i 4 the cardiac index lay between 2.2 and 23 hters However,
3 of the 4 subjects had never had evidence of cor pulmonale and are con-
sidered to have emphysema without eardiae mnvolvement The anoxia was mild
(the lowest saturation was 83 per eent) as was the pulmonary hypertension
This study indieates that a low output may oecur n emphysema without cor
yutmonale Prior ta the acquisstion of this information a number of explana-
tions were offered for the existence of a hypokanetic or low output state in
pulmonary heart disease including absence of anoxia, high “‘pulmonary vas.
enlar resistance’’ or terminal condition of the patient? The low o

cardiae output
in the latter has certamly be 4

en seen Since n hypokinetic state may precede
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cardiae mvolvement in emphysema, factors other than those mentioned may
be mvolved

The only further pont we would like to make concerning the level of car-
diae output m right heart failure due to eor pulmonale is the direetional
change 1t takes when the patient moves from the state of congestive failure
mto recovery Thrs information was gleaned from those reports in the htera-
ture 14599 1n which two such studies are given and in whieh the oxygen
uptake 1n the two studies are comparable They were compared with a few
cases of arterioselerotic and hypertencive heart disease 12 With cor pulmonale
the output usually falls with recovery from fmlure, as suggested in the Star-
ling curve previously shown (fig. 5} In contrast the degenerative forms of
heart disease usually show a rise or no change of ontput n recovery

LeveL oF RigHT HEART PRESSURES IN DECOMPENSATED CorR PULMONALE

The concept that pulmonary hy pertension 15 a major feature of decompen-
«ated pulmonary heart disease has heen amply confirmed by many 1mest-
gators In emphysema this pulmonary hypertenson 1s a reversible one, spring-
ing, along with other circulatory disturbances, from anoxia and subsiding,
even disappeartg at rest, when the latter 15 corrected or mild A revlew of
seven well documented papers reporting on cor pulmonale 1n emphysema *33°
has yielded some very nteresting data regarding the actual level of pressures
tound m patients in right ventrieular failure due to this form of heart disease

TasLe 1 —Range of Cardiae Output, Lesser Circuit Pressures and Arterial 0) Saluration
wn Patients in Right Ventricwlar Falure wath Cor Pulmonale Due to Emphysema
(Data on 41 Cases Selected from Farwous Authors)

Pressures (mm Hg)

Pulmonary artery Rt Vent
Authors ot co ¢1 —0;fa G
(%) Sys  Dust Mean diast

Ferrer, Hlarsey, 42 70 42100 269606 4900 2338 3357 817 3386

etall?
(7 cases)

Mounsey etat 3 - — 3746 3689 — 620 2387
(13 cases)

Ozean, Her 5562 6092 9851 4986 2346 3863 718 07K
mancy, et 2l ¢
(7 cases)

Denolin and - 5068 ~ 50 83 520 6743
Lequime 7
(4 eases)

Whitaker 8 1458 1981 1143 375 516 5072
(9 eases)

21 oz 50 59 17 51

Fowler, etat?
(1 easc.
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As ean be seen 1n table I the systolic pulmonary arterial and right ventricular
pressures 1 fatlure may vary over a considerable range, 36 to 92 mm Hp,
while the right sentricular diastolie pressure is elevated in a range of 6 to 20
mm Hg From these data it would seem difficult to relate the ventricular
functional breakdown and failure solely to the level of pulmonary lijyper-
tension at rest, as it is not always severe A consideration of the behavior of
the lesser ecirenlation during exercise may clarify the role of pulmonary
hypertension in the preduction of right heart failure, as one can then examine
changes 1n both blood flow and pressure

Resroxse To Exereise v Cor Prnstoxar: Dve to Evrniys

EVA

Regrettably there are very hittle data available on the respouse to exercise
e empliyvema and eor pulmonale We will present our own recently acquired
mformation, although 1t is meagre.’? {t must be emphasized here that 4 steady
state of exerere must be reaclied before a eardiac output by the Fick methord
ean be validly measured, especially in the presence of the anoxie state

Several investigators have shown that pulmonary artery pressures rise on
exeretse 1n the emphycematouns subject without cor pulmonale 13 1 Insuffietent
data 15 available to state if all such patients also inerease therr cardiac output
m a normal fashion One would assume that this 15 <o, since the patient with
emphysema who has recovered from right heart failure can do this

Onee cardiac failure 15 present what response 1s found? Two different pat-
terns have been observed to date The first of these 1s illustrated by a man m
us first bout of frank mght heart failure He showed (fig 6) elevation of his
eardiac output and all lesser ctreulation pressures at rest but was able to m-
crease blood flow 1n a normal fashion, while right heart pressures rose rather
strikmngly This 13 a state more properly called strain than actual fatlure in
our view The second subject (fix T) n his fourth bout of failure had a low
eardiac output at rest and 1t was fixed on exercise, 1 e there was no mnerease at
all The already elevated right ventrieular diastehie pressure rose further.
Sinee no more blood was passmg through the lungs during exercise than at
rest, the level of pulmonary hypertension did not ehange This performance
suggests that a wmore advanced phase of eardiae msuffieiency exists m this
second ease

Figure 8 depiets schematically what probably occurs in emphysematous
subjects on exercist If failure 1s absent (column 2) the cardize output can
inerease normally 1n the emphysematous subject regardless of whether or not
there 15 any pulmonary hypertension at rest The werease 1n blood flow will
rawe pulmonary artery pressures, oceasionally quite strikingly But 1if the
right ventriele ean tolerate this responce 1its filling pressure does not exeeed
the normal during exercise ite

If the right ventricular filling pressure does rise during exercise (a meol-
umn 3, fig 8) even though blood flaw nereases normally or is eukinetie, an

abnormal phase 1s present and physiologically this )5 probably where ecor
pulmonale begins
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When the ventricular diastolic pressure 1s elevated at rest (column 4),
clinically and hemodynamically it is obvious that a more advanced phase of
cardiac dysfunetion 1s present, Early in this phase the cardiac output may
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F10 6 —The response to exercise of a man (W W ) 1n elinical right heart failure due to

chronte cor pulmonale and emphysema For discussion sce text

still increase normally on exereise. When the right ventricle can no lon‘gor
increase 1ts output normally on exertion (column 5) ('f“d therefore 1s hy ]:;0)
Kinetic), or does not increase 1t at all above the resting level (column
(aki;tehc), the most abnormal phase of all has been reached
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GENERAL CoxcerTs oF Cor PULMONALE IN ExpnyseyMa

Our of the develoy of cor te and right heart fzilure
in emphysema ean now be summarized As a consequence of the underlymy

pulmonary disease, respiratory function may be so altered as to result in
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anoxia The latter condition of itself may effect an increase m eardiac output
Anoxia may also be the initiating factor n the production of polyeythema
and hypervolemia However, 1t 13 well known that many patients with ehronie
pulmonary disease and anoxia do not have polyeythemia, Long term studies
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Fio R —~Schema of the response to exereise of patients with emphysema with and without
cor pulmonale For disenssion see text

of these patients suggest that the duration and degree of anoxia are mportant
in the produetion of this secondary polyeythemua 2 Regardless of the exact
mechamism mvolved 1n the production of polycythemia and hypervnlem'la‘ the
latter may eftect an increased diastolie right ventrieular volume and thereby
produce an mereased stroke volume and eardiac oumtput The ventricular
muscle ean mamntamn this mereased output provided that the optimum vafue
for the end diastohe stretch 15 not exceeded Obyiously with the rising output
of the right ventricle, there 1s an increasing venous return to the left ventricle
and, m turn, ts stroke volume also mncreases Possibly other factors, as yet
unknonn, may aet to increase the ecardiac output Another consequence of the
chronie pulmonary disease 1s alteratton of the pulmonary vascular bed hich
may be upon an anatomie or physiologic basis, or both The exact changes are
not as yet clearly defined but may melude a reduction in the area of the bed
and reduction m the calibre of the vessels themselves or a decrease in the d1s-
tensibility of the vessels The resultant restriction of the pulmonary vascular
bed may be extensive enough to produce hypertension at rest because of the
distortion of the normal pulmonary flow-capacity ratio However, it 15 appar-
ent that the anatomic lesions. whieh are presumably not reversible, cannot be
the sole factor m the production of pulmonary hypertension since the latter is
reversible It would appear that m some cases at least, physiologic alterations
st be superimposed upon the anatonne lesions before hypertenston 1s firo-
duced Anoxia, by effecting vasomotor tone of the Jung vessels and thereby
further reducmg the eapacity of the pulmonary bed, polyeythenna by inereas-

g blood viscosity and lence anereasing renistanee to flow, may preeipitate
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or aggravate pulmonary hy pertension even in the presence of a normal bload
flow Any increase in the pulmonary bleod flow in the presence of a restricted
vaseular bed would of itself produee pulmonary hypertension Many of the
patients with chronie cor pulmonale have ncreased blood flow even at rest
which, in addition to all of the other factors previously mentioned, would
aggravate pulmonary bypertenston The presence of anastomoses between
bronchiolar and pulmonary arterioles must also be considered as a posible
factor m the production of pulmnnary artery hypertension.

Hypertrophy of the right ventricle may ultimately result from pulmonary
hypertension When this chamber can no longer cope with the increased
amount of work required of it. dlatation and eventual failure of this cham-
ber result It iy an essential part of this concept that dynamieally the left
ventricle remains normal and therefore is still able to empty itself efficiently
m the presence of an inereased venons return In some eases a sudden and
marked inerease in anoxia, presumably by a direct effect on the strained night
ventricular myocardium, may precipitate cardiae dilatation and failure. The
element of hy peryolemia may alwo play a role in the production of failure by
increasing the diastolic volume of the right ventricle to the point where the
optimum diastolic streteh of the musele fibers has been exceeded

Tt has been shown that the falling heart in cor pulmonale inereases its out-
put and lowers 1ts filling pressure 1n response to digoxin (position 1 to 2, in
fig 5), and that when the heart goes into failure the cardiac output 14 lowered
from a previously higher level (position 2 to 1 or 1 to X, fig 3) The paradox
of a normal or high cardiac output in the presence of failure can be explained
by the fact that 1n chronie cor pulmonale the ventricular fibers are relatively
intact as compared to these 1n patients with intrinsie myocardial damage sucl
as 15 found in coronary artery disease, rheumatic myocarditis, ete The ven-
tricles are therefore able to sustain a high eardiac output not only before
farlure ensues but esen 1n 1ts presence However patients with eor pulmonale
in failure at the end stage of theiwr disease, when the myocardimm may be
impaired, may have eardiac outputs even lower than normal (point X, fig 5)

In the analysis of the various factors operating in the produetion of clirome
cor pulmonale, no attempt has been made to define the relative importance
of any one mechanism It 15 obuious that these mechanisms are all interrelated
and the importance of each may sary from patient to patient In the matter,

for example, of the production of cardiae failure, the evolution may bhe
gradual and progressive as a result of prolonged and sustained pulmonary
hypertension or may be acute as a result of a sudden increase in anoxia sec-
ondary to bronchiolar obstruction awociated with respiratory infections It
has been frequently noted that patients with eor pulmonale will o rapidly
to eardiac failure with imfections which do not involie the respiratory traet.
It may well be that the increased cardiac output generally assoeiated with
fever 1s sufficient to inerease pulmonary hypertension acutely to such a degree
that the right ventricle fails

The need to invoke a separate myoeardial factor such as eryptie arterio-
sclerotic heart disease as suggested by Hecht % 1s not necessary to explain the
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BLOOD FLOW RESPONSE ON EXERCISE
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Fig 8 —Sihema of the response to exereise of patients with emphysema with and without
cor pulmonale Far discussion see text

of these patients suggest that the duration and degree of anoxia are important
m the production of this secondary polyevthemia ' Regardless of the esact
mechansm mvolved m the production of polyey themia and hyperiolentia, the
latter may effect an mereased diastolic right ventrieular volume and thereby
produce an inereased stroke volume and eardiac output The 3entricular
muscle can mamtam this mereased output provided that the optimum value
for the end diastolie stretch 1s not exceeded Obviously with the rising output
of the right ventricle, there is an mereasing venous return to the left ventricle
and, 1n turn, its stroke volume also increases Powably other factors, as vet
unknown, may aet to 1nerease the eardiac output Another consequence of the
chronte pulmonary disease 1s alteration of the pulmonary vascular bed wineh
may be upon an anatomie or physiologie basis, or both The exaet changes are
not as yet clearly defined but may nelude a reduction 1n the area of the bed
and reduetion m the ealibre of the vessels themselves or a decrcase n the dis-
tensitnhity of the vessels The resultant restriction of the pulmonary vaseular
bed may be extensne enongh to produce hypertension at rest heeanse of the
distortion of the normal pulinonary flow-capacity ratio IToweser, it is appar-
ent that the anatomie lesions, wliel are presumably not reversible, cannot be
the sole factor in the production of pulmonary hypertension since the latter 18
reversible Tt would appear that in some eases at least, phystologie alterations
must be superimposed upon the anatomic lesions hefore hypertension 1s pro-
dneed Anoxia, by effecting sasomotor tone of the lung vessels and thereby
further redueing the capacity of the pulmonary bed, polyey themia by inereas-

ing blood viseosity and henee inereastng resistanee to flow, may preeipitate
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membrane. Among these are berylliosis, Boeck’s sarcoid, seleroderma, and cer-
tain granulomatous lesions and reticular fibroses of undetermined etiology.
In these individuals pulmonary hypertension and right heart enlargement
may be present before even moderate anoxia appears at rest; therefore, it
<eems likely that anatomic lesions are primarily responsible for this type of
cor pulmonale. Undoubtedly, as the disease progresses and severe anoxia ap-
pears, its effects are superimposed. If auoxia becomes severe these subjects
will even develop polyeythemia.

A Note o~ Diarrauts 1¥ Cor PULMONALE

Followning our report in 1950 ! that digmtalization was capable of inereasing
cardiac output in cor pulmonale, as well as affecting a fall in right ventricular
filling pressure and a slight rise in the systolic pressure of this ventricle and
the pulmonary artery, a number of mnvestigators have repeated and confirmed
our studies 3¢ 1?2 No such effects, indeed no changes at all if one excludes the
<ystemic artery, are noted if the right ventricle is not failing. This last
statement ineludes the patient with cor pulmonale recovered from failure or
the patient with only pulmonary hypertension who has not been in failure

It is of course apparent by now that digitalis alone eannot relieve the pa-
tient of his circulatory disturbances and hence it is only one of many thera-
pies*! we exhit to subjects with decompensated pulmonary heart disease
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known facts. Indeed all of our cases who have come to autopsy have been free
of any such evidence

THe Deverorsext of Cor Purdosare 1x Otier Forys of
Curoxic Luxe Disease

Not every form of chronic lung disease produces cor pulmonale and mdeed
aside from emphysema in one of its forms, very few do The circulatory com-
plications associated with kyphoseoliosis 18 are related either to an accompany-
g emphysema or to the hypoventilation syndrome initiated by fanlty chest
mechanies, Alveolar hypoventilation is at the core of the disturbanees which
lead to cor pulmonale in emphysema. There are other diseases in which this
alveolar hypoventilation occurs, as for example in patients with poliomyelitis
and those with extreme exogenous obesity (Pickwickian syndrome). At all
events anoxia is again the offender common to all these condittons

Cor pulmonale, ie right heart involvement, is not secn #s a result of un-
complicated bronchiectasis, lung abscess or pneumonia. If any of these diseases
result in an aceompanying form of emphysema with anoxia, or 1f anoxia oc-
curs with a massively involved lung in pneumonia, right heart failure may
follow. Similarly, uncomplicated pulmonary tuberculosis does not produce cor
pulmonale even with extensive destruction of the parenchyma, although in
some few cases '"1* mild pulmonary hypertension at rest or during exereise
does exist However 1n the presence of abnormal chest mechanies due either
to marked pleural fibrosis or to the results of chest surgery, ventilatory in-
sufficiency in these tuberculous subjeets may progress to an anoxe phase and
then right heart involvement may occur This then is a complicated form of
tubereulosis.

In fibrotic and granulomatous diseases which produce cor pulmonale the
primary difficulty leading to cirenlatory ecomplications appears to be an ana-
tomic curtailment of the pulmonary vascular bed which results in pulmonary
hypertension It should be emphasized that the fibrotic process must be gen-
eralized throughout the lung and located in such a way as to encroach on
much of the pulmonary vasculature, erither by restricting its expansibility by
collar-like perivaseular lesions or by actual reduction in the number of the
functiomng vessels,

Silicosis is one of the more frequently encountered fibrotic diseases asso-
ciated with cor pul Te. It has been d that tiese fibrotic lesions -
duce pulmonary hypertension and then right heart failure Closer mspection
has indicated, however, that it is the patient with combined silicosis and em-
physema who more usually develops circulatory disease Moreover, we have
shown ! that the circulatory complications can be reversible as the anoxia,

which is secondary to emphysema, lessens and this strongly suggests tln}l
anatomic lesions may not be the chief offenders aud that the emphysema 18
the root of their difficulties

Although little 15 known of the cireulatory complications in silicosts not
associated with emphysema, the picture is a httle clearer in that group of
ses which produce lesions in the pulmonary alveolar caprilary

rarer disea
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membrane. Among these are berylliosis, Boeek’s sarcoid, scleroderma, and cer-
tan granulomatous lesions and reticular fibroses of undetermined etiology.
In these individuals pulmonary hypertension and right heart enlargement
may be present before even moderate anoxia appears at rest; therefore, it
seems hikely that anatomic lesions are primarily responsible for this type of
cor pulmonale. Undoubtedly, as the disease progresses and severe anoxia ap-
pears, it effects are superimposed If anoxia becomes severe these subjects
will even develop polycythemia,

A Note oy Diairasts 1x Cor PuLMoNaLE

Following our report in 1950 ! that digitalization was capable of increasing
cardiac output in cor pulmonale, as well as affecting a fall in right ventricular
filling pressure and a shight rise in the systolie pressure of this ventricle and
{he pulmonary artery, & number of investigators have repeated and confirmed
our studies.® 8193 No such effects, indeed no changes at all 1f one excludes the
systemic artery, are noted if the right ventricle is not failing This last
statement meludes the patient with eor pulmonale recovered from failure or
the patient with only pulmonary hypertension who has not been in failure.

It is of eourse apparent by now that digitalis alone cannot relieve the pa-
tient of his exrculatory disturbances and hence it is only one of many thera-
pres?! we exhibit to subjects with decompensated pulmonary heart disease
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DiscussioN

CnaiRvax Werkd  Thank you, Dr. Ferrer, for this most complete discus
ston of a difficult subjeet

I would hke to put one question before you 1 noted in the comparon of
different groups of emphy sema patrents you had a eardiac mdex of 315 the
narmal and 357 or 360 m ~ome of the emphysematous patients Do you think
thas difference 15 a real one? Is there a statistieally sigmificant difference be-
tween those two proups?

Frerer - We did not have a sufficiently large group of patients to subjeet
them to the stringencies of statisties However, this group had acted as an in-
dication to s, early 1n our work, that the progresstve changes in the emphysem-
atous patient moving toward eardiae failure mclude a movement of ingrease m
output before the failing state oceurred, and at the time these data were wecured
we did not have the data we showed today 1 individual patients at different
stages m their disease, So, winle T agree the actual Jevels of output are anly
15 per cent higher m the emphysematons subjeets (not a yreat inerease) we
thought 1t indieated a trend

Seary T am in complete agreement with you, Dr Ferrer, about the relative
importanee of struetural elanges of pulmonary vessels There was one potnt
T noted. however, yout said that these patients were free of coronary atlero-
selerosis, .

1 would assume that most of these were males, between the ages 45 and 35
Tt would be a very unusual situation 1f at least half of them did naot have
significant coronary atherosclerosis, whieh at Jeast wounld subelinically affect
the myocardium

Would not this then have an additional effect on myocardial function that
von could not measure or he aware of T can’t assume that eor pulmonale
;md coronary atheroselerosis are mutually exelusive, You said all of these cases

were free of it 1w onld be quite amazed if this were so.
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Covwvann. Tt would be rather bad taste for me to comment on this pres-
entation, except to indicate some areas of disagreement, Small quarrels are
not unknown 1u our group

1 wonder, first, nhether Dir Ferrer should not modify her definition of ecor
pulmenale, < & to introduce alo disturbanes 1m the mechanisms of the chest
eape, simee from sueh disturbanees arise, as she has demonstrated to you,
typreal eases of alieolar hypoventilation with mnoxia, earbon dioxicle reten-
tion and eardiac fadure

Secondly, T aw impressed by these eases, in overt congestive failure, show.
ing a satmfactory response 1o exervise Shondd we not mvoke here the coneept
af congestive Fadure, reintroduced recently by Dr Eickna, as distinet from
vardiae faddure? This may be consdered as 3 problem of <emanties In faet,
1t doe~ not affect Dr Ferrer’s concept sinee, according to it, mght sentrientar
fasture complieating some forms of chronie pumonary disease, is preceded
by a penod of by peryolemia amd plethora reluted to chrome hypova

Craryan Werke  As T will show you tomorrow, we have wmduced hyper-
volemta m normal mdmiduals, and then you imerease the mght ventricular
and hastohe pressure up to 12 mm Hg, and they certamly are not farhng
The only difference between those normal wdwviduals and the patent with
¢or pulmonale and hypervolemir 1 that m the normals e don't get a de-
crease mn filhng pressure with digtabs that we get 1n the patrents That may
be due to the faet that the former constitutes acute changes m hemodynamics
and the latter 1 a chronie ane

Cavwxaxn 1 bave a last statement to make. i order to avosd a mesunder-
standing with Dr Sarnoff We (mneluding De Ferrer} aduure hus work on the
ventrienlar function curves, and believe that s a single case, one moves from
one to another of 4 serses of curves The figure shown by Dr Ferrer is ob-
vinasly a great aimplification

Cnamyay Weakh 1 would hike to ask Dr Sarnoff to comment on the con-
cept of *‘ventrieular strasn'' 1t a patient who srereases his output and pui.
monary arterial pressure Obviously the npht ventricular work must inerease
quite constderably

Saaxore I think what we are dnenswing here 1s more a matter of taste
than fact Where you nant to draw the line about whether you are or are nnt
m love 15 one aspect of this tape of thing, anly here st 15 stramn that v under
diseussion

You take & fook at the heart’s function curve, and you say tins 1 a pretty
poopy heart And it s, o doesn’t do muck at sny meen Glmg pressure Soon
after digitalis or eatechol amme, the heart hegns to look better, and pretty
soon 1t shows a steep and Ingh curve, then ope mays this 1 & fine heart It
mught add somenhat to the expheitness of communieation between mduduale
interested wn this area if the curve were quantitatnely ndieated under these
erreumstanees Unhappily, bowever, the ever present evil of the non-existent
zer0 baseline for the eenlation wilk interfere somewhat with such attempts

Fowier Dr Ferrer commented on the fact that sne certamly observes
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clinically that in the paticnt with cor pulmenale, the episodes of congestine
heart failure are often precipitated by pulmonary infection.

In that connection T wonder if she has any information (I am sure she
does) on whether the oxygen eonsumptions in her patients with cor pulmonale
and heart failure were normal or in excess of normal, and whether or not she
thinks infeetion played a role in the hixh cardiac output sherrved

The other question I wanted to ask She mentioned the role of hypervolemiz
in mereasing cardine output. T wonder if <he has any data on the cardie
output in patients with polyeythemia vera,

Ferrer. To answer the seeond question, no, we do not have any data in
polycythemia vera It would be most interesting

To reply to your first inquiry, our patients at the time we measured their
cardiac output, were not febrile, and while we acknowledgze they may have
some underlying chronic infeetion, we were reassured that the caleulation of
output was not rendered invahd by abnormal levels of oxygen uptake because,
although some of the fizures lie at the upper edge of normal resting values,
they were not excessive

Sagworr  In addition to thanking Dr Cournand for his generous remark
I should like to make one other comment Since it is the effective filling pres-
sure (transmural ventricular pressure gradient) with which we are concerned,
changes in intrapleural pressure may be hurtful in the attempt to construet
convincing ventricular function eurves in man, a hazard obuiated in the
opened-chest dog This applies espeeially to observations before and during
exercise when substantial changes 1n the mean thoracic position may occur
1 wonder if Dr. Ferrer and Dr Cournand feel that an esophageal balloon,
even if it only reflected relative changes, might be a worthwhile addition to
their already challenging experimental technique?



Physiologic Studies of Drugs in Human
Pulmonary Hypertension

Dy Nosre O. FowLer

N CONSIDERING THE EFFLCTS of drugs in human pulmenary hypertension
I 1t 15 1mportant to bear in mind the clinical condations in which pulmonary
hypertension may be found, the possible mechamsms of produetion of such
pulmonary hypertension, and the physiologie mechamisms which may be in-
volved in lowering pulmonary arterial blood pressure.

Although & number of drugs have been shown to decrease pulmonary hyper-
tension 1n man, the effect of these drugs upon resistance to flow through the
lung vascular bed 15 more difficult to evaluate In our consideration of this
problem we plan to discuss not only the agents which may lower pulmenary
arterial blood pressure but to consider the mechanisms by which this may be
achieved,

Studzes of the effect of drugs in human pulmonary hypertension are of 1m-
portanee, first of all, from the standpoint of relief of the undesirable effects of
pulmonary hypertension, seecondly, for the information which may be dernved
conecerning the mechanism of control of pulmonary arterial blood pressure,
and, finally, because they may show whether pulmonary hypertension is re-
versible or irreversible

Reduction in pulmonary artery pressure by drugs ean result from decrease
in pulmonary flow, decrease 1n left atrial pressure, and decrease in resistance
to flow through the pulmonary vascular bed The mechanisms of deereased

flow resistance 1n the pulmonary vasenlar bed are complex; some possibilities
follow

Mech of Flow
1. Vascnlar
a) Direct
b) Autonomie
¢) Reflex

d) Combating Hypoxia or other Agent
2 Increase left atmial pressure
3, Inerease pulmonary artenal pressure
4 Tncrease pulmonary flow
5 Muscellaneons
a) Decreased Blood Viseostty
b) Opemng of Shunts
€} Decrease in Length of Flow Channel

Experimental work in ammals has indicated that, although inereased left
atrial pressure and mereased pulmonary flow tend to increase pulmonary
arterial pressure, at the same time they tend to decrease the resistance of flow
to the pulmonary ewreulation ! Thus changes 1n pulmonary arterial pressure
may not reflect e ant changes m ry ! Whether or not

189
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the same considerations apply when the pulmonary vessels are previousls
diseased is not apparent,

The effect of digitulis upon pulmonary hy pertension in patients with left
ventrieular failure has been diseussed earlier m this symposium by Dr Ferrer
and will not he commented upon further at this time

In 1949 we beeame interested 1 the observations of Frisk? that the ad-
mistration of tetracthylammonium in patients with systemic hypertension
produced prolonged lowering of pulmonary arterial blood pressure in 3
subjeets

Although the pulmonary sascular bed had long been thouglit not to be sub-
Jeet to mdependent control, ebservations that pulmonary arterial pressure
oceastonadly equals or exceeds systemie pressure suggested that there might
be a meehanism for control of pulmonary blood pressure separate from that
of the s)stemie arterial pressure Tt therefore seemed of interest to attempt
to esaluate the mechanism of lowering of pulmonary arterial pressure by
tetracthy lammomum in patients with pulmonary hypertension by simultane-
ous esttmates of pulmonary arterial blood pressure, pulmonary wedge pressure
and pulmonary blood flow The limitations of this experimental approach will
be commented on later

The effect of tetracthy lammontum was studied by Fowler 3 and Scott.! &
deerease in pulmonary arterial pressure was observed in the majonty of the
patients studied that had previowsly exsstmg pulmonary hypertension Pul-
monary wedge pressure was unchanged m the study of Fowler and was de-
ereasedt m 3 of 6 patients w the study of Scott. The effect of hexamethoninm
tn pulmonary hvpertension was studied by Wilson,? Davies ® and Sancetta”
Decrease in pulmonary artertal pressure was found by Wilson,® usmg rather
larze doses of hexamethonum Changes in systemie pressure and m cardiac
ontput were less striking than changes i pulmonary arterial pressure
Davies 8 studied 12 patients with rhenmatic heart disease, ‘and found a de-
erease 1n pulmonary arterial pressure of 30 to 40 per cent n 5 subjeets, with
no change m eardiac output Sancetta’s study 7 of 15 patients with pulmonary
emphysema demonstrated a deerease 1 pulmenary arterial pressure of the
same order as the decrease of eardine outpnt Sancetta T sugmested that be-
cause of the decreased pulmonary flow, which would tend to inerease pul-
nionary vascular resistance, there was probably a decrease i the resistance
to flon throngh the pulmonary vasenlar bed Seott § studied the effect of pen-
tolmium 1 doses of 4 to 8 mg 1n 8 patients with varied causes of pulmonary
hypertension A decline m pulmonary arterial pressure was seen in only one
patient.

It would appear that the administration of autonomne blocking drugs 1>
followed by a decrease i pulmenary arterial pressure m a significant per-
centage of patients, winch is probably greater than the effeet upon pulmonary
flow and pulmonary wedge pressure However, the results are difficult to
evaluate because of the varted dosage of (lx'}xgs used, the varied etiology of
pulmonary hypertension atu(.hell, and the inaceuracies of pulmonary f?ml\
measurement by the Fick prinerple when short acting drugs are employed
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The effect of inhalation of 100 per cent oxygen upon pulmonary hyper-
tenston has been evaluated by Dressler,? by Westeott,’® by Wibson,!! and by
MeGregor ' Drewler ? studied 38 subjects, <ome of whom had mitral stenosis;
the others pulmonary tuberenlosis A decline in pulmonary arterial pressure
was seen in 43 of 52 studies Pulmonary flow and wedge pressures were not
measured Westeott 1 studied the effect of 100 per cent oxygen inhalation in
9 subjects, 2 of whom were normal A deerease in pulmonary arterial pressure
of 5 mm. or more was seen in 4 of the 7 subjects with pnlmonary hypertension
Pulmonary flow and wedge pressure were not measured Wilson ! studied the
effect of 100 per cent oxygen inhalation in 10 patients with severe respiratory
disease and systemic oxygen saturation of under 75 per cent. Pulmonary
arterial pressure fell 3 mm or mare mm 5 of the 10 subjects In none of the
above studies were flow measurements made MeGregor '* studied the effect
of 100 per cent oxygen inhalation in 13 subjects with mitral stenosis. Ten
showed a decrease of 10 mm Hg or more 1n pulmonary arterial mean pressure
Total pulmonary resistance fell 1n 10 and was halved in 2

The studies with oxvygen i these patients with pulmenary hypertension
showed a definite decrease i pressure in some subjects In only a few mstances
was the fall great or did the pulmonary arterial pressure return to normal or
near normal when previously greatiy elevated

Dresdale,’® Rudolph,’ and Braun!® studied the effect of tolazoline (Bris-
coline) upon the pulmonary arterial pressure in patients with pulmonary
hypertension Dresdale * gave 75 mg of tolazoline intravenously to a few
patients with idiopathic pulmonary hypertension and pulmonary emphysema
A strking deerease 1 pulmenary pressure was seen Cardiae output was said
to have been 1ncreased Pulmonary wedge pressure was mnot measured
Ttudolph ' observed the effect of tolazoline in doses of 10 to 73 mg n 10
patients with congemital heart disease and left-to-right shunts Pulmonary
arterial pressure was unchanged in the majority of patients Braun !* studied
the effects of 25 mg. tolazoline 1n 14 subjects with mitral stenosis A decrease
of pulmonary arterial pressure of 4 mm or more was seen mn 12 subjects
Cardiae output was said to have been nereased or unchanged Meriel '8 stud-
ted the effect of the sympatholytic drug hydergine, 0 3 to 06 mg 1 14 subjects
with mitral stenosis, essential pulmonary hypertension, or left ventrieular
failure Pulmonary arterial pressure was strikingly lowered except in patients
with left ventricular failure Halmagy12® found a deerease of pulmonary
arterial systolie pressure and systolie resistance 1n subjects with mitral steno-
s1s and left ventricular failure following admimstration of dibenamine, 05 to
2 mg per kg body weight

Four of the 5 above studies have <hown a striking fall in pulmonary arterial
pressure following sympathetic blockade m the majoraty of subjects with pul-
monary hypertension The estimate of pubmonary flow 1 2 of the studies
must be considered with caution beeause of the transient effects of the tolazo-
lme which was used

There have been studies of the effects of other drugs 1 pulmonary hyper-
tension. Following the observations of Cournand !T that mjection of acetyl-
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choline into the pulmonary artery reduced pulmonary arterial pressure m
normal and in hypoxie normal subjects, Harris ¥ studied the effect of a single
injection of acetylcholine upon the pulmonary arterial pressure in patients
with pulmonary hypertension of various types, A rather striking decrease in
pulmonary arterial pressure was found in 18 of 47 patients studied by Harris
In the majority of patients studied by Wood ' fall in pressure was striking
but somewhat less than 50 per cent. In the study by Woeod, pulmonary vas-
eular resistance was stated to be deereased. However, the duration of the
action of the drug employed would cause one ta have diffieulty in interpreting
this measurement. Halmagyi®® studied the effect of serpasil, 1 mg. injected
into the pulmonary cireulation, in 12 patients with mitral stenosis and 1 with
ventricular septal defeet Pulmonary arterial pressure was significantly de-
creased and changes n eardiae output were less than changes in pulmonary
arterial pressure,

The effect of nitrites on pulmonary blood prewsure was observed by John-
son 2! and Halmagyi 2* Johnson ! reported a decrease in pulmonary pressvre
of 20 to 58 per cent 1n 10 pattents with left ventricular failure following sub-
lingual mitroglycerine Halmagyi? obsersed a mean decrease of pulmonary
artery systolic pressure of 11 mm g 1 patients with mitral stenosis, and 2
decrease of 8 mm Hg in patients with left ventricular failure after giving
sodium nitrite

In contrast, Aitchison ** observed an ncrease 1 pulmonary arterial mean
pressure of 13 to 84 per cent in 10 patients with rheumatie mitral valve dis-
ease following injection of 10 to 20 mg. of apresoline Two patients developed
pulmonary edema The inerease of pressure was attmbuted to increase of
cardiac output, and tachycardia, which presumably necessitated an nereate
1n left atrial pressure for proper filling of the left ventricle

Finally, T would like to refer very briefly to a study of the effect of nore-
pinephrine on pulmonary hypertension, currently 1n progress in collaboration
with Dr R. H Franch of Emory Unireraty As shown in the following table
a study was made of a patient with pulmonary hypertension ascociated with
ventricular septal defect and left-to-right shunt and mereased pulmonary flow.

TABLE 1 —The Effect of Norepinephrine on y Hyp ‘

L 8 Agel0 VSD

Norepinephrine After
Control 035 meg /Kg /mm  Norepinephrine

Systemic flow 35 35 —
Pulmonary flow 63 87 —
L R Shunt 28 28 —
FABP 84 98 88
PA BP 76 82 —

Animal studies have shown that norepinephrine increased reststance to Row
in the pulmonary circulation mn the experimental animal when an 1solated
lobe 15 perfused A study made by us?® indicated that in man, infusten of
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norepinephrine in doses of 0.1 to 0.4 meg./Kg /min. produced striking increase
In resistance to flow m the systemic circulation but that the increase in pul-
monary arterial pressure oceurring during the infusion of this drug was due
predominantly to an increase in pulmonary wedge pressure and was not asso-
ciated with increase in caleulated pulmonary vasenlar resitance Thus, in the
intset subject, pulmonary arterial comstricting effect may be masked by a
i inerease in pul -y venous pressure. The foregoing suggested

the possibility that the differential effect of norepinephrine upon pulmonary
and systemie resistances might be anticipated to increase pulmonary flow and
left-to-right shunt in patients with ventrieular septal defect and pulmonary
hypertension In the patient whose study 15 described on the table, infusion
of 035 meg /Kg /mimn. of norepinephrine was associated with no change in
systemic flow, nerease in pulmonary flow, and striking merease in left-to-
right shunt. Although there was an increase m both femoral and pulmonary
arterial mean pressures, the increase in femoral pressure was greater and
estimates of pul -y and systemie vascular resist: would indicate that
systemie vaseular resistance increased and pulmonary vascular resistance de-
creased during the norepinephrine infusion

From the foregoing 1t may be seen that decline in pulmonary arteral pres-
sure has occurred following the administration of autonomic blocking agents,
following the admunistration of sympatholytic agents and following the ad-
ministration of parasympathomimetic agents Decline in pulmonary artery
pressure has also oceurred with the use of digitalis in left ventricular failure
and to 2 moderate extent when oxygen was administered. Decline m pul-
monary arterzal pressure has not been consistent from <tudy to study nor 1n
all patients in a given study. The evaluation of the mechanism by which these
changes in pressure occur is diffieult.

Some of the difficulties 1n the evaluation of changes in pulmonary pressure
in subjects with pulmenary hypertensian are

Multiple mechanisms may be present

Subjects with various heart and lang diseases often grouped together
Limutations of pulmonary wedge pressure

Difficulty of determining pulmonary flow by Fick prmerple

Drug may alter more than one variable affecting pulmonary vascular reststance
6 1—Completeness of autonomse blackade

o 10 -

There 1s at least suggestive evidence that not all changes 1n pulmonary pres-
sure are related to alterations in pulmonary flow. However, the transtent
nature of the changes followmng use of such drugs as tetraethylammomum,
priscoline, acetylcholme would tend to mitigate the evaluation of pulmonary
flow by the Fck prineiplé In many instances no estrmation of left atrial pres-
sure by the pulmonary wedging techmque has been made 1n human studies
and the validity of this measurement is still open to question A recent paper
by Murphy * indicated httle or no correlation between left atrial and pul-
monary wedge pressure i patients with mtral valve disease when the left
atrial pressure was abnormally elevated It would seem that there is a need
for further studies in which a steady state can be achieved so that the Fick
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primeiple ean be employed for evaluation of pulmonary flow or some other
method of measuremient should be used. The results thus far would appear
to suggest that in some mstances drug induced blockade of the sympathetie
nervous system or stumulation of the parasympaithetic nersons system may
actually decrease the resistanee to flow m the pulmonary circulation.
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DiscrssioN

BrLovnT T have one shide that T should like ta show (fig 1) Dr Grover has
been wnterested n the effect of priscolne in young children with yentricular
septal defects, who have very signficant pulmonary hypertension but who do
have some left to right shunt Tiis study was i a thirteen month old mfant
One mg of priscolne per kg of body weight was mjected into the eatheter
placed m the pulmonary artery Four mmutes after the mjection, we see, on
the right of the slide that the femoral artery pressure has changed very Inttle,
but that a definite drop m pulmonary arterial pressure has oecurred This
drop 1n pressure ocenrred at the same time that there was a doubling of the
pulmonary artery blood flow

OF course, T am hesitant to make any statements about resistance. but 1t
does seem that with this drop 1 pressure and the donbling of the flow, that
we posstbly might suggest that there 15 some change 1n resistance .

Dawks: It seems that we now have a good measure of agreement that in-
Hatron of the lungs with a low ox)ygen mixture or with mtrogen causes an
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Tig 1 —Effect of priscolne on femoral (FA) and pulmonary arterwal (DA) pressures.

inerease of pulmonary vascular resistance. I bave two simple questions to ask
abont this Duke and Killick have shown that injection of cyanide or azide
causes a fall of pulmonary vaseular resistance in 1solated cats’ lungs; these
substanees should mterfere with the use of oxygen by the enzymes n the
pulmonary vessels

How then 1s it that inflation of the lungs with low oxygen mixtures eauses
a rese 1 pulmonary vasenlar resistance while injection of azide or eyanide
causes a fall?

Karz. In regard to Dr Dawes’ question, Dr Carmen Estrada, Dr Singer
and several others of our group have reported 1n the January 15sue of Cirenla-
tion Research an experiment m the dog 1n which 5 per cent oxygen and 95
per cent nitrogen were used 1n the insprred air and left atrial, pulmonary ar-
tertal wedge and pulmonary arterial pressures were measured The findings
were that in some of these dogs the left atrial pressure did not rive with this
severe degree of hypoxia and yet the pulmonary arterial pressure rowe In
most, but not all, the pulmonary arterial wedge pressure rose more This is m
the dog anesthetized with barbiturate, not 1n man In dngs pulmonary arterial
wedge pressure does not necessanly follow left atrial pressure Novw, by get.
ting the pressure gradient 1t was found that n these animals the gradient
from the pulmonary arterial wedge to the left atrmm rose with hyposia,
suggesting to us the possibihty that there was venomotor eonstriction This 13
a suggestion, not a proven fact

At the same time the pul 'y artery to pul 'y arferal wedge pres-
sure rose less and 1 some instances deelined suggesting to us the possibility
that 1n the pulmonary system, as m the systemie, there is on oceasion trnl:v
an arteriolar dilatation When 1t oceurs 1t 1 apparently compensated for in
these dogs by a more profeund venomotor stricture However, we have seen
in some of these animals a combination suggesting arteriolar as well as venu-
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lar constrietion during hypoxia whick act in series to raise pulmonary artenal
pressure,

Dawes: I wonder if you have done similar experiments on 1solated per-
fused dog lungs?

Karz No, we have not.

Fronsax -« In a recent issue of Circulation Rescarch, members of Dr. Katz's
Iaboratory, have suggested that pulmonary venoconstriction may underlie the
pulmonary pressor response to acute hypoxia, The conclusions are based on a
blood pressure gradient between the pulmonary semns and the left atrium
during acute hypoxia Unfortunately, the evidence 1s not entirely comincing
becanse of its heavy dependence npon pulmonary “‘wedge’ pressure as 2
measure of ]nllmmmry venous pressure: the actual trncinm are not repro-
duced, the possibility of an inadequate *“wedging'’ is not excluded, the iden-
tity of *‘wedge’” and venous pressure is implied, and a sphineteric mechanism
between the pulmonary veins and the left atrium iy inferred. Before aceept-
ing the pulmonary veins as the locus of inereased resistance during acute
hypoxia, [ would prefer more direct measurements

This paper also 1llustrates the difficulties which have heset all who have
attempted to analyze the mechanisms nvolved in the pulmonary pressor re-
sponse to acute hypoxia. Thus, attempts to work with earefully controlled,
artifictal preparations often yield results which are characteristic only of the
abnormal preparations under study Other experiments performed on more
mtact but deeply anesthetized ammals, have to reconcile data so ob(ain.ed
with results on unanesthetized ammals and man Finally, even the physio-
logieal significance of data colleeted on unanesthetized human subjects may be
difficult to interpret since the majority of observations have been made on
patients with disease and have to be extrapolated to normal human subjects

If I may confine my remaining remarks to the unanesthetized normal human
subjeet, I should like to 1ndieate the few glimpses of insight whieh have been
gamed For example, it seems clear that an inerease in cardiac output, gen-
erally of the order of 10 to 20 per cent above control, contributes to, but does
not account for, the entire pressor response. Moreover, there 1s considerab!e
evidence than an increase in pulmonary vascular resistance to blood flow is
also involved But, how this increase 1s effected or what brings 1t about is not
well understood Certain mechanisms, such as a reflex increase n vasomotor
activity mediated from afar by the sympathetic nervous system, or an increase
1n pulmonary blood volume do not seem to be responstble. Others, such as an
Inerease in left atrial pressure have not been tested jn man, but, on the basis
of ““wedge’’ pressures, do not seem likely.

Finally, although teleology tempts us to invoke a local, sclf—regulnmr}'
vasoconstriction of the pulmonary blood yessels to hypoxia, it must be admit-

ted that the ibility of the pul ry circulation has defeated attempts

1o either define an exact site of mereased vascular resistance or to distinguish
Y 1 1

between vascular and per r respon e

CiatryAN WERKD: In human beings, hypoxia does not increase the wel
pressure while it increases the pulmonary artery pressure.
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Courxanp: I should like to compliment Dr, Fowler on his excellent review
and eautions conelusion Possibly even greater caution is warranted when one
compiles the results of studies made by many investigators, some of them hav-
ing only a faint notion of what eontrol studies mean, and in patients with
considerable varation in pulmonary vaseular lestons.

May T comment on quinidine, You may reeall that Drs Ferrer and Harvey *
observed, to their surprise, that in a patient with mitral stenosis the pul-
monary arterial pressure dropped following administration of quimdine sul-
fate in therapeutic dosage. We know, however, that this drug has a dilator
effect upon the systemic arteries. It was therefore concluded that the reduction
in pulmenary artery pressure, in such a cace, was secondary to a decrease in
left heart filling pressure resulting from the decrease in peripheral vascular
resistance

With regard to the role of the autonomic nervous system in eontrolling pul-
monary vasomotricity, the problem is not whether there is a supply of auto-
nomie nerves to the pulmonary vaseular bed, or whether in special prepara-
tions, under artificial conditions, responses may be elicited which indieate the
participation of this supply; rather, 1t is whether in intact man or animal,
under normal physiologic econditiens, or in disease, this system plays a role
1n the control of the pul y eirculation Ineidentally, had de Burgh Daly
read carefully what I wrote i 1947 on this subject,> he might not have ae-
cused me, in a recent review on this subject® of denying such role to the
autonomic system on the basis of an @ prior: 1dea I do not mmd too mueh
this qualification sinee hypothesis and eoncepts are an 1ntegral part of scien-
tific thinking However, I object to the implication that observed facts are
forexgn to my thinking

In this respeet, may I recall firstly that little attention has been paid to the
effects of sympatheetomy upon the pulmonary cireulation in subjects with
malignant hypertension In 1913-1944, i collaboration with Drs Goldring
and Chasis, we studred the pulmonary blood flow, the systolic and diastolic
Ppressure in the right ventricle, and the systemic blood pressure 1n five patients
with malignant hypertension before and after total sympathectomy In these
cases, the systolic pressures in the right ventriele were normal before, and re-
mained unaltered after surgery, although the systemic pressures dropped
markedly

Secondly, with Alfred P Fishman and Harry Fritts,® we have studied so

far, two cases before and after sympathectomy in whom the effect of hyposia
1n causing pulmonary hypertenston was unaffeeted In other studies upon the
effect of acetyleholne 1njected in one of the two maimn branches of the pul-
monary artery,® we have observed homolateral inerease in flow 1n atropinized
subjects For these reasons and others also, I believe that the problem of local

vasomotor action 1n man may be divorced from that of the nervous control
of pulmonary vasomotrieity

FowLer I would agree with the previous speakers that 1 our hands there
was oo elevation of pulmonary wedge pressure 1n hypoxia Of conrse, I want
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to pownt ont that the degree of hypoxia indueed by us and in most studies in
man did not approach that produced by Dr. Katz in his dogy

The other comment 15 in regard 1o pulmonary arterial pressure in sympa-
thectomtzed patients [ thunk it mizht be imteresting to see if the patients had
normal pulmonary pressure when they were standing up We Lave done some
studies m patients under autonomie blockade that were interesting,—they
had & normal pulmonary arterial pressure lying down; when they sat up the
pressure beenme sery low, and the cardiae output fell as well.
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The Pulmonary Circulation After Birth

Dy GeorrrEy § DAWEs

T WAS REEN REPORTED that nowadays mave cluldren die of natural causes in

the first 7 days of life than in the next 14 years Since many of these
deaths are due to diseases involving the pnlmonary cireulation, it 1+ important
that we concern ourselves with the changes which eecur at birth

The mvestigation of the changes i the lungy at hirth are best hegun with a
study of the pulmonary eireulation m the fetus In the anesthetized foetal
lamb mdrrect ealeulations suggest that 12 per cent of the combined output of
both ventricles passes through the [ungs, amounting to about 30 ml /Kg /min
(Dawes, Mott & Widdicombe, 7951; Acheson, Dawes & Mott, 1957} This
agrees moderately well with direet measurements of flow through the left
lung, which range from 5 to 10 m! /Kg /min In the anesthetized newborn
lamb venous return to the right side of the heart 1 about 300 ml /Kg /min
There 15 therefore a very great change in pulmonary blood flow at birth;
previons measurements have underestimated the magmtude of this change
The cause of the mcrease 1 pulmonary blood flow 15 ungqueshionably a fall 1a
pulmonary yaseular resistance, sinee 1t 13 accompamed by a conaiderable re-
Juetion n pulmonary arterial pressure and a small, although probably tran-
stent, rise in left atrial pressure (Dawes, Mott, Widdicombe & Wiyatt, 1953)
Whereas m the fetus pulmonary arterial Pressure exeeeds aortie pressure by a
few mm Hg (o that two-thirds or more of the right ventrieular output flows
through the ductus arteriosns mto the aorta), after birth pulmonary arteral
pressure rapadly falls towards adult levels Thus mn the foetal lamb the pres-
sure 1 the pulmonary trunk may be 65 mm Hg On ventilation 1t ean fall to
20 mm Hg within a few minutes We must now consider the eause and the
effects of these dramatic events

Positive pressure ventilation of the lungs of foetal lambs with either oxygen,
a1r or mitrogen eaused a large and immediate fall in pulmonary vascular resist-
ance, whereas distension with flud actually inereased resistance This demon-
strates that 1t 1s 10t the fall of intrathoracie Pressure w
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hieh mereases pulmo-
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nary blood flow at birth, but expansion of the lungs with a gas. This distension
does not need to be rhythmieal, sinee a single sudden mflation, even with nitro-
gen, has on occasion cansed @ sudden fourfold increase in flow, It seems
possible, therefore, as Reynolds (1956) has suggested, that this phenomenon
15 due to a simple anatomical feature of the lung vessels, perhaps the upeoil-
mg and dilatation of the alvealar eapillaries, which in the foetal condition
may be convoluted and compressed. Pulmonary collapse in adults does not
neeessarily Jead to eyanosis, because as ventilation 1y decreased, so flow is also
redueed through the affeeted area. This may be another illustration of the
sante phenomenon

There are other minor factors whieh probably influence pulmonary vaseu-
lar resistance at birth, such as the oxygen content of the alveolar gas, vaso-
motor changes due to asphyxia and the rise 1 left atrial pressure which alo
oceurs. Houever, these are likely ta be very much less important than the
mmmediate physical effect of pulmonary mnflation We must now examine the
consequences of the fall in pulmonary vascular resistance 1n more detail

Since pulmonary arterial pressure falls below aortic pressure after birth,
the direction of blood flow through the ductus arteriosus reverses As the
ductus does not immediately close and as 1t 15 a very short vessel, a very large
quantity of blood, amounting to as much as half the total pulmonary blood
flow, enters the pulmonary trunk from the ductus The ductus normally be-
gins to constriet within some minutes of birth, particularly m the presence
of partial asphyxia, though this process 1s not usually complete for many
hours or days in the species so far examined. Rapid blood flow through the
partly constricted ductus gives rise to turbulent flow, and hence to a murmur
which ean be heard through the chest wall and sometimes even to a thrill
Tlhis ductus murmur 13 very easy to hear 1 the newborn lamb, calf and foal
(Dawes, Mott & Widdieombe, 7955; Amoroso, Dawes, & Mott, 1958; Rossdale
& Mahaffey, 1958) and may persist for as long as two days If the chest 18
opened under anesthesia, the vibrations of the pnlmonary trunk are readily
felt, and can be recorded with a manometer When the ductus 15 occluded,
this murmur disappears

In the newborn baby recent investigations have shown that the same
changes occur .\ murmur can be heard, although it is famter, and much
more difficult to record, possibly beeause of the different shape of the infant’s
chest, and the lower blood pressure (Burnard, 1958) Measurements of pul-
monary and systemic artersal pressures, and of the oxygen content of bleod
obtained from the right ventricle and pulmonary artery by catheterization,
have proved that for as much as 10 days after birth blood may enter the
pulmonary trunk from the aorta (James & Rowe, 1957; Adams & Land, 1957)

The consequences of this neonatal condation of the cireulation are fourfold
Furst, as in clildren or adults, patency of the ductus arteriosus after birth
unquestionably throws a greater strain upon the left side of the heart. There
is therefore the possibility of left-sided heart failure within 2 fewvdays of
birth, Second, agamst this has to be set a temporary advantage When the

lung is not yet fully expanded, the unexpanded portions act as an intra-
4
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pulmonary arterio-venous shunt across the lungs, so that for up to an hour
after birth the arterial blood is not fully saturated with oxygen. Continued
patency of the ductus enables some of this blood to recirculate through the
lungs, and thereby to pick up more oxygen (Dawes, Mott & Widdicombe,
1955; Born, Daves & Mott, 1955). If a newborn ammal is badly eyanotic the
benefit can be surprisingly large, and ocelusion of the duetus under such eir-
cumstances leads to a considerable fall in arterial oxygen saturation Third,
there 1s always the possibility that so long as the ductus is still open, the
direction of flow may revert to the foetal condition When a newborn animal
or baby makes a strong expiratory effort, for instance, pulmonary arterial
blood may enter the sorta through the duetus, and the oxygen content of
blaod i the deseending aorta will then become less than that in the coronary
or carotid arteries If a newborn lamb or bahy is underventilated, or given a
oas mixture to hreathe which only contains 13 or 10 per cent Oz, pulmonary
vaseular resistance increases, just as it does in adults, and blood starts to flow
once more 1n the foetal direction, from the pulmonary trunk into the aorta
To what extent thys situation represents a hazard to the survival of asphyxi-
ated newborn babies or animals 1s not known Fourth, 1t 15 perhaps worth
making the very obvious pomt that while the ductus is patent, systemic
arterial pressure will be lower and pulmonary arterial pressure higher than
when 1t 1s shut
That 1s, T hope, enough to mtroduce ths subjeet I would like to conelude

with some words of Edmund Waller, which emntomize the hopes and fears of
every mvestigator of the putmonary circulation

My joy, my grief, my hope, my love

do all within this cirele move

A narrow eompass, and yet there

dwells all that’s good, and all that's fair

Nicely put, written in Harvey’s time, but what Waller really had so deli-
cately in mind was not, alas, the cireulation through the lungs, but a lady’s
girdle
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Discussiox

Rowe Dr Dawes’ work has been a major stimulus to those working 1n this
area 1n humans and he made the job rather easy by predieting what would be
found en catheterization of newborn babtes
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The results in the group we analyzed showed that the pulmonary arterial
pressure in those less than a week old averaged 50/23, with # mean of 33
mm Heg, and in that group there was a large shunt through the ductus arteri-
osus which amounted fo about a third of the pulmonary blood flow,

At the end of a week, the pulmonary arterial pressute averages 22/11, with
a mean of 16, and no duetal shunt is detected We do not know exactly when
the duet closes

Newborn mfants do not have the continuons murmur which Dr. Dawes
found m ammals Durmg the first few hours of life they exhibit physieal
signs strongly suggestive of pulmonary liypertension There 15 a very loud,
but not spht, second sound 1 the pulmonic area. There is a pulmonary ejection
cliek,

Tt is quite possible, however, that 8 murmur appears later Eleetrocardio-
graplie evidence suggests that tlns murmur might appear when the infant
15 between 24 and 96 hours old.

Darxyany. In the work that you have done, Dr Dawes, the remarkable
sluft in pulmenary resistanee that oceurs right after birth 18 equated with
the first fow respirations You have demonstrated that if the lung 1 distended
with saline, & drop  pulmonary resistance does not oceur whereas, if the
lung is distended with a gas, such as nitrogen, oxygen, or earbon drwovide,
there 15 a remarkable drop in pulmenary resistance, Does this not suggest
that the drop m pulmonary resistance 1s related to the shift from a relatively
noneompressible fluid to an easily compressible gas filling the alveolar apaces?

Dawks 1 do not know the answer If you instill warm saline nto the Jung
you do not get an merease 1 pulmonary blood flow In the fetns yon actually
get an increase in pulmonar) vascular resistance mn the majerity of expert-
ments It may be that the Iung 1 more complicated than we lave hitherto
supposed and that m distendmg the alveoh with saline we had compressed
the alveolar capillaries When the alveoh are distended with mir, we have &
totally different physical situation I do not know of any experimental eir-
dence which ean be adduced to support this hypothesis

Brrron . May I speak briefly to this point$ I would Jike to call your atten-
t1on to a most remarkable recent paper by Dr Radford

ITe exammed the compliance of excised Iungs, and after mcasuring the
pressure-volume relations, he repeated the examination with the lungs filled
with saline instead of air To everyone’s astonshment the compliance was
completely different, the answer bemg that actually a lot of what we call
elasticity i the lungs 15 really surface tension, tending to make the alveolt
wet smaller If you merease the surface area you have to supply the enerm
for tlus additional surfaee energy So, the substitution of air for flmd nught
well be a factor in what Dr Dawes 1s talking about

Dexter 1 would like to ask Dr Dawes a very stmple-nunded question If

vou should give these newborn mfants a hot bath, thereby prnduci,ng periph-
eral vasodilatation and lowering of perspheral rewistance, would their murmus

disappear? .
Dl“l:vz Dr Burnard observed that those babies which suffered from a short
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period of, say, 5 mmutes diffienlty in breathing at birth had a ligher mer-
denee of murmurs e also heard murnmies more often m infants with high
rectal temperatures

This may not answer your question but it does pomt up the faet that other
phytological chunges 1n the mfant are extremely mportant, and 1t may be
these differences whieh explain the discrepaucy between Burnard’s oberia-
tions and those of Dr Rowe and others

Wooo Dr. Dawes, I wonder 1f you are right 1n assuming that air, oxygen
or gas fully distends the neonatal lung or that saline does so You might have
to stretch the lung fully to get rid of those ‘‘gnarled’” vessels T thought that
a lung needed to be vascularized 1 order to he distended and stretehed, that
the pulmonary blood flow after birth was an essential factor 1 stretching and
1nflating the lung Is that work no longer respected?

Dawes: You are referring, T suppose to Dr Jakka’s observations, and his
observations were made on a rather unusual kind of matertal I don’t think
that the inferences that he drew from lus observations were really justified,
hecanse, when yon inflate a lung for the first time, the first thing that you
notiee is a fall 1n pulmonary artery pressure and an merease in flow I cannot
<ee how a rise 1 pulmonary arterial pressure can help mn the distension
of the lung

Woop I am still not happy about thus Surely it is not exactly a matter
of pressure There 14 very hittle blood flowing througlh the fetal lung and the
vessels are all there and presumably coiled up

If you suddenly merease the pulmonary blood flow, irrespective of inflat-
ing the lung with gas, wonld not those vessels stretch, as was demonstrated
i the work that we are talking about? I thought that you could not fully
nflate a lung with anything until you got a proper blood flow

Dawes In order to inflate the lungs of a newborn ammal effectively, you
have to use a positive pressure of 30 to 40 mm He This 18 not an abnormal
pressure for the newhorn

If you take an amimal delivered under local anesthesia, when you tie the
cord so that the lamb starts breathing, the intrapleural pressure during the
first few gasps falls as low as mimus 50 mm Hg It 15 this effort which first
anflates the lung Thereafter pulmonary blood flow 1nereases

Woop If you tie off both arteries, can you still mflate the lung completely

Dawes We have not done that

Dammany May I make a suggestion? The lung and pulmonary vasewlar
bed 13 expanded by an increase 1n effective trans-lummal pressure Such an
merease ean be brought about either by inereasing mtraluminal pressure or
by decreasing extravascular pressure The decrease i extravascular pressure
35 normally brought about by the shift from flud to 2ir in the alseolar spaces
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The Pulmonary Circulation in the Presence of
Interatrial, Interventricular and

Interartierial Communications

By Joux T. Suepieep

T\vo BASIC. MEASUREMENTS that are essentia] to any understanding of the
dynamies of the pulmonary eirculation are pressure and flow, Two terms
that employ these measurcments are now used frequently The first, the total
pulmonary resistance, is ewsentally the ratio of the mean pressure i the
pulmonary artery to the mean pulmonary blood flow, and the second, the pul-
monary arteriolar resistance or, better, the pulmonary vascular resistance, is
the ratio of the pulmonary-artery pressure minus the left atrial pressure to
the mean pulmonary flow

The first of these terms attempts to define the resistanee offered to the flow
of blood from the right to the left ventriele and ineludes the work done in
distending the left ventricle 1 diastole, the second defines the resistanee
offered by the blood vessels of the lungs themselves. The finding of increased
reqistance means that the observed increase in pulmonary arterial pressure 18
disproportionately greater than the increase in pulmonary bload flow. In
normal subjeets the resistance to flow usually diminishes as flow incereases,
demonstrating that the flow has inereased proportionately more than the pres-
sure 1 If pressure and flow 1ncrease equally, one 1s dealing essentially with
a rigid tube.like system, and if pressure rises more than flow, then a decrease
m vessel caliber can be assumed It must be emphasized, however, that deduc-
tions about changes 1n vessel caltber from these formulas are based on the
Poiseulle equation 1n which resistance 15 proportional to pressure gradient
divided by rate of blood flow * Theoretically, the use of this formula as a meas-
ure of resistance s based on the assumption, among others, that there are a
nonpulsatile pressure gradient and a steady flow As neither of these condr-
tions 15 fulfilled 1 the pulmonary circulation, prediction of changes in vessel
caliber from resistance values obtamed in this way must be accepted with
reservation

EvIDENCE FOR PULMONARY VasoMOTor ToONE IN PATIENTS
Witnn ConeenrraL HEART Disase

While in many patients with atrial, ventricular or aorticopulmonary com-
munication the total pulmonary resistance and the pulmonary vaseular resist-
ance are within normal limits, 1n others the total pulmonary resistanee 18
markedly elevated # As most of these patients have a normal ‘‘wedge' pres-
re, and lience presumably a normal left atral pressure®® the site of the
d resistance to flow 1s the pulmonary vascular bed Although, when
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normal, the vessels responsible for pulmonary resistance have relatively little
smooth muscle as compared with similar vessels m the systemie circulation,
there is convincing evidence from the effects of hypoxia,” 1 and more vecently
from the effeets of 5-hydroxytryptammne,! that they are capable of constrie-
tion Among certain patients with congenital defects the likelihood that some
of those who have pulmonary hypertenston have mamntained their fetal pul-
monary vaseular museulature into postmatal hfe !? presumably makes these
pulmonary vessels even more eapable of vasomotor responses That tone 13
present in the smooth musele of the pulmonary vessels 1 some patients with
defects 1n the lieart and great vessels can be demoustrated by two different
methods First, a change from breathing air to breathing 99 per eent oxygen
18 aceompanted m many of these patients by a fall i total pulmonary restst-
ance and in pulmonary vaseular resistance, often by more than a third of the
anitial values 1817 Thus effect of oxygen 1s accompanted by a fall of pressure i
the pulmonary artery and an augmentation of the left-to-right shunt with a
diminution of any right-to-left shunt that may be present This change n
reststanee appears to be quite independent of the type of defect The method
by which 1t oceurs 15 unknown

Second, acetylcholne chlorule, a substanee which when mnjected intra-
arterially mnto systerme vessels causes local vasodilatation,'® has recently been
used in the study of the pulmonary etrenlation Its rapid destruction in the
errenlating blood offers the possiality that an mjection ean be made mto the
pulmonary artery in sufficient concentration to affeet the pulmonary vessels
without altering the hemodynamics on the left side of the heart or i the
systemue erreulation Wood and co-workers 1 have nsed a <ingle injection of
this substance and have shown that tone 1s present i the resistance vessels
of the lungs m some patients with mitral stenosis Harris ** found that rapd
mjections 1nto the pulmonary artery of patients with pulmonary hypertension,
some of whom had eongemtal heart disease, resulted 1 a transient fall of
pressure 1n the pulmonary artery in shightly more than one-third of the pa-
tients We have admimstered acetylchohine ehloride by econtinueus infusion
mto the pulmonary artery m patients with congenital heart disease Figure 1
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Fio 1 —Effect of (ontinnous mtusion of acetyleholine chloride wmto the pulmonary artery
on pressure m the right ventricle and the radial artery and on the oxygen saturation of blood
m the nght ventricular outflow tract Woman, aged 43 years, weighing 632 Kg , with atrial
septal defect and pulmonary flow of 37 L /mun /M 2
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shons the effects of such an infusion in a patient with pulmonary hypertension
associated with an atrial septal defect. During the infusion there were a markeid
decrease 1 systolie pressure in the right ventricle and an increase in the
oxygen saturation of the blooid in the pulmonary artery. In the absence of any
change 1 systemic blood pressure, oxyg consumption or heart rate, one must
conclude that the acetyleholine has dilated the pubmonary vessels with a
consequent decreased resistance to pulmonary jlow and an pugmentation
of the left-to-right shunt

It therefore seems clear that the tone of the small vessels of the lungs con-
tributes to the pulmonary hypertension in patients with congemtal heart
drsease who have an abnormal commumication between the heart chambers or
the great yessels,

Faerons AssoctATED Wit DLVELOPMENT 0F PULSMONARY
IlvpeRTENSION

Ventrienlar Septal Defeet and Patent Ductus Arteriosus

In patients with an interventricular communieation, there nust he a erjtical
size for the defect above which the pressures in the rght and left ventrieles
will eqtialize. while defeets less than this will offer suffictent mpedance to
blood flow between the ventricles to prevent equalization of pressures The
amount of bload that passes through the defect will depend, therefore, on the
resistance offered by the defeet itself amd the resistances of the pulmonary
and systemie cirenlations Clearly, when the defeet is of more than a certam
size, there will be very little resstance to flow aeross it, hence the amount
of blood that enters the pulmonary as compared to the systenue eireulation
18 @ function of the relative resistance of these two cireuits This 15 demon-
strated by reeent observations made n this laboratory where pulmonary and
systemie blood flows and preswures have been determmned at eardrac cathe
terization and eorrelated with the size of the ventricular septal defeet as
measurced at operation ¥ A defect greater in area than 1 sq em./M # of bodv
surface offers <o Little resistance to flow aeross it that the pressure 1 equalized
in the two ventricles If no change mn pulmonars resstance oceurred mn these
cases, death would rapdly supervene from sventricular failure and by poten-
s10n, as nearly all thie blaod would pass titrough the Jow resistance pulmonary
cireurt This oecurs in adult dogs when an interventricular defect greater than
1 em 1 diameter 1S created

Tn man, when the size of the defect exceeds 1 sqem /M2 of body surface
the magnitude of the pulmonary flow 18 determmed mainly by the rpsl’?“‘*“ ot
the pulmonary vessels. These vessels usually offer an mereased resistance
to flow which, depending on its extent, ean result in a whole spectrum of
change from a high pulmonary-artery pressure with a large flow and a
a on
ood

moderate increase in resistance to a ngh pulmonary-urtery pressure,
flaw and & very high pulmonary vascular reststance When pulmonary bt
flow and total pulmonary resstance are plotted against the s)stolie pres-
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sure gradient across the ventricular septal defect (fiz 2), patients with a
large gradient have a normal resistance and a near-normal flow As the
gradient decreases, there 1s a marked nerease 1n flow with a small merease
n resistance As the gradient approaches zero, the flow often decreases
markedly and the resistance 1s usually greatly mereased

In patent ductus arteriosus the cireulatory dynamics are very simlar to
those 1n ventueular septal defeet .MAcross a long narrow duectus there 15 a
drop 1 pressure With a larger ductus the drop mn pressure decreases and
the pulmonary flow inereases with hittle change 1n pulmonary resistance When
the duetus 1s short and wide, the pulmonary and systemic erremts are essen-
trally 1n free communication and the flow through the pulmenary and systemie
oirewts as then determmed by their relative resistances Under these condi-
tions, the pulmonary flow 1s often decreased, the pressure m the pulmonary
artery approaches or equals systemic pressure, and the pulmonary vaseular
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resistance 15 very Migh. Thns n short wide ductus and a large ventricular
septnl defect are nonobstruetive openings permitting free communication
between pulmonary and systemic cireuits <o that the pressures in the aorta
and the pulmonary artery are equivalent

Atrial Seplat Defeet

In this condition the two atria form essentially a common chamber, and the
basiy for the arteriovenons shunt commonly seen in patients with this defect
15 that during diastole more blood flows into the right ventricle than the left
beeanse of the Jower resistance to illing, This situation 15 markedly different
from that of ventricular weptal defeet or patent ductus arteriosus, as at 10
time is the right sule of the eart exposed to a high prossure generated in-
itially 1n the left ventricle. The hemodynamics in the classie case of atrial
septal defeet are well documented 2* Pressure in the pulmonary attery is
normal or only shightly clevated, the pulmonary flow 15 moderately to exces-
sweely mereased and the pulmonary resistance is low, some of these patients,
however, especially those reaching the fourth decade of life, develop an in-
ereased pulmonary vaseular resistance which 1 progressive.? Tl 19 different
from the situntion m patients with ventrienlar soptal defect or patent duetus
who have little decrement of pressure across the defeet; in such patients
the ratio of pulmonary to systemic vascular resistance appears to increase
with age starting from shortly after birth ** That is to say, if the pulmonary
vessels are not proteeted by a drop in pressure across the intraventrieular
defect or the patent duetus, not only 15 the pulmonary vascular resistance
inereased but this merease may be progressive

MECHANISM FOR MAINTENANCE oF TONE oF SMo0TH MUSCLE
oF Prrvoxary VESSELS

Pulmonary hypertension 15 a frequent finding mn patients with ventrieular
septal defeet and aorticopulmonary communieation, and although less nfgen
seen 1n patients with atrial septal defect, it is by no means uncommon High
pulmonary blood flows indueed 1 normal subjects by moderate exercise of
oceurring in conjunction with a typcal atrral septal defect are usually -?ccom-
pamed by a deerease in pulmonary vascular resistanee Winle part of this ma)
possibly be accounted for by opening up previously closed vessels, 1t 1S Tikely
that at least some of 1t is due to an merease 1 diameter of vessels already
open The mechanism of this 1s untknown, but 1t is possible that dilation of the
vessels 15 brought about passively, the merease in flow increasing the vaseular
transmural pressure If pulmonary vessels can inerease their cahiber 1n this
way, why does a marked rise of pressure in the pulmonary actery oceur n
patients with ventricular septal defect and aorticopulmorary communication
when the defect itself offers no appreciable resistance to flow t Has the ]argtt
flow generated by the transference of the systemic pressure fc the pllly\o?ar."
cirenit so distended the vessels that they have reached their limits of dilation )
"This seems unlikely, as ereation of large defects of this kind in adult dogs does

ot cause severe hypertension but leads to rapid death of the ammal by 2
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failure of the pulmonary vessels to comstrict and so reduce the pulmonary
flow.?®

Recent observations indieate that tone is present to some degree 1n normal
pulmonary yessels,*® 27 although the eontribution of this eompared to mecham-
cal factors m deternning pressure 1 the pul ry artery s undecided
Esidence that many patients with pulmonary hypertension have tone in the
smooth musele of the pulmonary vessels has already been aited, and this tone,
at least in part, contributes te the hypertenston Tlis 14 true even for patients
m whom the hypertension 1s classified as hyperkmetic An inerease In tone
means that the wall of the vessel 1s actively resisting the distending force
tending to cilate it. The effect of this on the caliber of the vessel will depend
on the sum of these two forees The caliber may thus be inereased, unchanged
or decreased, Whether the degree of tone 1s to be regarded as normal or abnor-
mal 1n pulmonary hypertension cannot yet be stated with certainty, as the
relative contribution of this and lustopathologie changes in the vessels to the
mnereased vaseular resistance 1% unknown

What 15 the stimulus that mamtams this tone of the vessels® The argument
can be advanced that mereased pressure 15 a common finding m all eases, but
1t 15 difficult to dissociate cause and effect Two wets of observations obtamned
from patients with acquired heart disease are compatible with the coneept that
changes 1n pressure can cause changes in the tone of smooth muscle Tf the
pulmonary vaseular resistanee is measured i a series of patients with mutral
stenous, both at rest and during exerene, thowe in whom the resistance 1s
low at rest show httle change with exerense, whereas those 1 whom 1t 18
mtially high often show a substantial inerease Further, m some of those n
whom a substantial merease oceurs, there 1s little change in cardiac output 23
Sumlar observations have been reported by Eliaseh ®® and by Holling and
Venner ® If the simple equation relatmg pressure and flow 15 an mdieation
of changes 1n the caliber of the vessel, this finding 15 compatible with the
1dea that inerease 1n pressure and not flow was the stimulus to the smooth
musele, although one could not say whether 1t was the general rise 1 pres-
sure or the rise 1n pulmonary venous pressure whicl was responsible Balchum
and co-workers 3! have suggested that this change in pulmonary vascular
Tesistance with exercise 15 not mediated by nerves since the change before
hexamethonium block 15 approxumately equal to the change after such block
Further, 1f & group of such patients are examined before and withm 2 to
5 weeks of mitral commissurotomy, those that hase the highest pulmonary
arteriolar resistance before operation have the greatest decrease afterward 32
This 15 m keeping with the 1dea that the reduction in pressure somewhere
in the pulmonary cirewit has permutted a relaxation of tone m the walls of
the resistance vessels, and 1f this 13 correct then the tone has probably been
abnormal in degree The early decrease i resistance after operation makes
1t likely that 1t 15 a vasomotor phenomenon rather than the regression of
Pathologie changes

If this argument were applied to pulmonary hypertension in congenital
heart disease, ane might theorize that with a large ventricular septal defect
or 2 short wide duetus the high pressure of the ventricles 15 transmitted to
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the pulmonary vessels, and it could be that this pressure causes persistence
of the fetal musele ty pical of these two conditions and that this muscle re.
sponds to the pressure by augmentation of ity tone 33 In the systemie eireu-
Iation it has been shown in amimals and man that the resistanee vessels respond
to a rise in pressure by inereasing their tone.™ 3% This still occurs after the
Jimbs have heen sy mpathectomized or somatically denervated.® It is improb.
able, therefore, that any nervous mechanism 1s involved, and the results ean
be readily explained on the bass of a direet response to the mechameal stinu.
lus of the muscle elements of the resistanee vessels by the jnereased pressure.

Such an argument when apphed to the congenital defect leaves unexplained
the etiology of the hypertension m some patients with atrial septal defect
Other theories Iave heen advanced to support a nervons 3*4 or even a hu-
moral }! eause of the hypertension In a recent review artiele by Daly," evi-
denee 15 presented that m the dog the upper thoraeie sympathetic outflow
contamns adrenergic vasoconstrictor fibers to the pulmonary vascular bed
whieh when stimulated can increase the pulmonary vasenlar resistance by
60 per cent or more Daily also reviews the evidence for actrve pulmonary
yasomotor control in man and eoncludes that none of the observations in
human subjeets so far reported fulfills all the critera that nre essential for
the demonstration of an active eontrol.

StarMary

The evidence reviewed here demonstrates that tone s present in the pulmo-
nary vessels in many patients with pulmonary hypertension The argument is
advanced that a rise in transmural pressure somewhere in the pulmonary eir-
culation or left atrium is a major factor m mitiating and mamtammg the in-
ereased pulmonary vasceular resistanee in such patients The rise mn pressure
may result i anereased tone of the pulmonary vessels either via a nervous
reflex or through a local response of the smooth miuscle to the rise in pressure
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Discusston

GASUL We have been very much interested in a follow-up study of patients
with ventrreular septal defects About two years ago 1n re-examimng some of
our wmfants with this defeet we found something that may be of interest
A patient (J M) 11 months of age presented all the chnieal, radrologre
and electrocardiographic evidenees of a large ventricular septal defect He had
a loud second sound over the pulmonary area, a thrill and a harsh grade IV
systolie murmur maximal over the third and fourth left interspaces Right
heart catheterization at 11 months of age revealed a considerable rise 1 the
pressure 1 the right ventricle, and almost the same pressure m the pulmo-
nary artery When we re-examined lum at 4 years of age I noted that the ‘9?'
ond sound over the pulmonary area was clearly diminished Since we couldn’t
explam these defimte changes i the character of the second sol}nd over the‘
pulmonary area, the patient was recatheterized, and showed definite evidences
of an mfundibular stenosis (tables 1 and 2)
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TasLE 1,—Eight Heart Cathetertzation

Futst Cat Recond C
Bload Ovygen Contents, Age* 11 months Age 4)ears,® moy
Vol. % BRA*=036M2 BSA =062M?
Inferior Vena Cava RO7
Superior Ven1 Cara 825 980
Tught Atrium 832 964
Right Ventricle 13 121
Pulmonary Artery 123 131
Left Ventriele 133 —
Femoral Artery 149
Oxygen Saturation 95 6¢% 9125
Hemoglobin Gm /100 ec 106 121
PRESSURES mm Hg
Right Atrrum (Mt ()]
Tught Ventricle 66/6 89/2
Infundibulum 17/0
Putmonary Artery 56/18 (41) 15/6 (1)
Pulmonary Wedge [¢3)] —_
Left Atrum (8) _—
Left Ventricle 69/3
Femoral Arters _ ¥3/49 (61)
*BS A =Body Surface Area
+ Numbers 1n pirentheses = Mean Blood Pressure Levels
TasLE 2—Right Heart Cathetenizatton
Furst Catheterization Sieond Catheterization
Age 11 Months Age 4 Years, @ Mos
Caleulated Blood Flows BSA =636 M? BSA =062M2
L/Mm  L/M?/Mm L/Mm LMY/
Systeme 108 B 300 323
Pulmonary 439 122 104 659
Shunt (left to-right) 331 905 299 37
Shunt (right to left) — — 025 04
Total Pulmonary Reswstance 747 217
{Dynes sec cm °8)
Total Pulm Resistance Index 260 133

(Dynes ee em *8)

An angiocardiogram taken at 11 months of age revealed a defimte blanch-
g of the outflow tract of the right ventriele as a sign of left-to-right shunt
at the ventrieular level An angiocardiogram taken at 4 years of age showed
a simultaneous visualization of the aorta and of a large pulmonary artery
At this tume, therefore, he had an additional shunt from the rght ventricle
mte the aorta

My associates recatheterized about 30 patients and we found five additional
patients whose findings are similar to the one cited here
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We fecl that some of these patients who have been deseribed in the btera
ture an cases of ventriewlar septal defeet nnd pulmonary stenosis, an entity
whieh s not too uncommon, and some patients who are the so-called acy anotic
types of tetindogy of Fallot, may have originally manifested the elimeal
angrocardiographie and cardiae eatheterization findings of the patient pre
sented here

We all know that many infants with large ventricular septal defects whe
are severely handicapped durimg the first 3 ear of life manifest striking elmical
mmprovement after that age. The usual and most probable explanation for
this improvement is that a satisfactory halance has heen established betweer
the systemie and pulmonary blood flows through the development of certain
changes m the imtina and media of the pulmonary arterioles The findings ]
have just presented in some of our patients lead s to believe that another
mechanism may, at times, be responsible for this improvement. We feel that
1t 15 possible that a deerease in the left-to-right shunt at the ventricular leel
with a deerease i the pulmenary pressure may be due to the development
of hypertrophy of the erista supraventricularis and of the parietal and septal
bands of the outflow tract of the right ventriele.

Katz 1 would like to ask Dr Sheplierd, Dr Burchell or Dr. Edward:
whether these new observations Dr Shepherd reported contradiet the state.
ments made by Dr. Edwards about the role of embryome architecture In
causing inereased pulmonary resistance i some patients with shunts

Enwarps Quite to the contrary, [ think they fit in very well with the eon.
cept of septal defect whieh exists The relationship hetween the two yentricles
and great arteries after birth 19 smmlar to that in the normal fetus before
birth The regulatory mechanism for maintaining pulmonary flow 1s a func-
tion, at least after birth, of pulmonary vaseular resistance )

Katz- Didn’t Dr Shepherd imply there is an increase in resistanee which
develops de novo as a result of factors operating on the pulmonary vaseufa-
ture? .

Epwarps 1 think that Dr Shepherd and I are in entire agreement with
each other We both recognize that with free communication between the two
crreuits the systolie pressures remam about equal

The mechanim by whieh the resistance is mantained at & high level n
pulmonary eirewt 15 not known to either of us The thick muscular arteries
and arterioles are anatomie evidence of features which can he correlated with
high resistanee

These thiek layers, T think, have two potential funetions: (1) theoretically,
they are capable of active constriction since they are eomposed of muscle and
(2) the thick, small pulmenary vessels offer passive resismnce. Tt must take
greater energy to force a eertain amount of blood through a thick vessel than
to force the same amount of blood through a thinner vessel

Cournaxp- T would like to address a question to Dr Dawes, and to any
of our expert pathologists who may be able to answer it. Do we 'kno“‘ some-
thing about the bronelual eirculation n the fetus? Have we any '"f‘)""“;m“
based on mjection, or any other technique, regarding its importance before

and at birth?

the
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Ligsow: I am sorry that I have no contribution at the moment. Further
studies are definitely indicated on this point Certainly in early embryome
life there 15 less disparity in the caliber of the pulmonary and bronchial vessels
We know nothing about the flow In the pulmonary arteries it 1» much less
than 1t i 1n adult hfe.

To change the subject, perhaps advisedly, I was interested in Dr. Gasnl’s
comments in regard to possible hypertrophy of the wall of the right ventricle,
and partieularly the crista, to the extent of producing stenosis in the infant.
On the left side, Sir Russell Brock (Functional obstruction of the left ven-
tricle Guy’s Hosp Rep, 106.221-228, 1957) has recently observed that, in
instances of severe stenosis of the aortic valve after apparently adequate
surgical relief of that stenosws, there may still be such a large burgeoning
nto the lumen of the hypertrophied subvalvular portion of the left ventriele
that the pressure drop 1s still very large from ventricle to aorta.

Sarxorr. I should like to ask Dr Dawes if he has any evidence to indicate
that ganghomie blockade will interfere with constriction of the ductus on
exposure to oxygen or whether the isolated ductus tissue, when suspended 1
bath, will contract or relax in response to changes of 1ts oxygen?

Dawes: We have no observations with drugs which impede transmission
through autononue ganglia, but we have investigated the changes in diameter
of the ductus in a preparation which consisted only of the heart and great
vessels, meluding the ductus, and an artifienal lung In this preparation, the
duetus responded by eonstricting when the artificial lung was ventilated with
oxypgen, and dilated when 1t was ventilated with nitrogen It therefore seems
likely that the effect of oxygen is directly upon the smooth muscle of the
ductus



Pulmonary Hypertension in Patent Ductus
Arteriosus

Ly Rovorro Lisox Tasoy

Tm: 1 OLLOWING OBSERVATIONS are based on 128 eatheterizations done in 148
eases of patent duetus arteriosus In explanation, I wish to state further
that tlhs work 1s being carried out by 2 very large team which draws from
many hosprtals i Mexico and qnte a few i Central America This fact, and
our aetive search, accounts for the drsproportionately large number of cases
of patent duetus with pulmenary hypertenston which we are bringing before
vou today Our study shows that there 13 no sex difference in its ineidence
In 100 eonsecutive cases, classified by age groups, the patients with pormal
pressutes and hypertensives are more or less equally distmbuted The largest
groups are under 20 years of age The oldest patient in this study was a
woman 62 years of age, who had a pulmonary pressure of 60/40 mm Hg The
distribution of these 100 cases m relation to pulmonary pressure shows a range
from one patient with a systolie pressure of 17 mm. g to one with a systolic
pressure of 136, both of these are femnles Ronghly one-thurd of the total
number of selected cases have pressures over 80 mm Ig

I want to emphasize that patent ductus arteriosus with severe pulmonary
hypertenston 15 a progressive and fatal discase We have studied 6 eases dur-
g two or three suceessive catheterizations All are patients with pulmonary
hypertension that refused operation the first time they came to the hospital,
and when they later returned, their conditron had become worse and did not
permit surgical itervention

The tirst case we saw in February 1949 was a girl, S years of age She had a pul-
monary artery pressure of 90/57 mm Hg, agamst an nortie pressure of 100/51 mm
Hg Here the difference from right ventriele to pulmonary artery in oxygen content
was 3% volumes per eent She bad very high pulmonary pressure, but she had a shunt
from the norta mnto the pulmonary artery and pertpheral oxygen saturation wn the
right brachial artery was 76 per cent This 15 an unusual finding in uncomplrcated pat-
ent ductus arteriosus and may indieate the presence of an additional defeet or a re-
versal of the usual ~hunt In Mareh 1933 her pulmonary artery pre-sure went up from
90/47 to 121/26 mm g and the aortie pressure was 120/63 The brachial artery and
sorta had equal volumes per eent of oxygen There was no cvidence of a shunt either
way. We studied her agam 1 June, 1057, and the oxygen content of the right brachial
artery was 22 and of the femoral 19 volumes per cent. Oxygen satutation was 76 per
cent tn the brachal artery Now, 1f we perform a Valsalva maneuver on this patient,
the difference m oXygen saturation between the right brachial and femeoral artery
sl g0 up from 32 to 32 volames per cent In other words, the maneuver will merease
the night to left shunt In the hght of our present experience we consider this patient

to be imoperable.
216
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Another ease is that of a girl 23 years of age, first <een in 1949 with a pulmonary
artery pressure of 113/534, and sortie 115/38. Aortie and pulmonary pressures were
more or less alike, and she had a small arterial venous shunt She refused operation,
and in 1953 blood samples from the femoural artery and the nght brachal artery were
studied without eatheterization The axygen eontents of the right brachial and femoral
arfery were the same during normal respiration but when she performed the Valsalva
maneuver there was a difference of 17 volumes per cent, the <mall amount being 1n
the femoral artery

She permitted herself to be catheterized again 1n March 1936. That was 7 years
after the first study. The pressure had gone up from 115/54 to 130/60 mm Hg Aortie
pressure was more or less alike, She now has a venous artenal shunt The difference
between the right brachial artery and abdominal aorta 1» 2 volumes per cent This
patient also had evidence of a shunt on the other occasions when <he was studied by
direct puneture of the preductal segment, 1€, the nght brachial artery, and the po-t-
ductal segment, te, the femaral artery. Other ea-es showed great similanties.

Next, a girl 13 years of age bad & typical patent duetus artertosus We saw her in
1944, In 1934, at the age of 23, we saw her agawmn, and <he had developed segmental
eyanosts and swelling of the toes. Dunng this interval the ab-olutely typical ductus
had changed The ovygen <aturation was 20 volemes per eent 1 the mght braehal
artery. In the abd I sorta the 1zation oxygen went down from 29 to
243 volumes per eent, and saturation was only S0 per cent, the pressures were 126/96
mm He with & mean of 109 1n the pulmonary artery, whereas it the earlier study it
was only 101/86 with a mean of 94 mm He

These cases of ductus arteriosns with severe hypertension have two funda-
mental types of eyanosis. They may have a segmental type of eyanosis which
15 due to the functioning of a shunt from the pulmonary artery to the lower
segment of the body through the ductus, and others present a generalized
eyanosis This generalized cyanosis and blood unsaturation 1s not modified by
surgery

We have 5 patients who have had generahized eyanosis Of these 5 patients,
only 2 have been operated on One of them was seen on three successive occa-
sions The last time we saw him, last month, we did a third catheterization
on him, however, we had to draw the catheter out and we did not take any
blood samples He has generahized eyanoss now, and a pulmonary pressure
much above the aortic

The other patient who has been operated on was a woman, she improved
greatly On 13 studies we have done of this patient’s arterial saturation over
2 period of 7 years, she has always had a saturation which oscillates between
68 and T4 per cent The three postoperative studies have shown that she
still retamns this unsaturation We don’t know whether she has any other
added congemtal defect beeauce her pressure has mcreased; she has no mur.
mur and she feels much better

The gradient of pressure alone 13 not the only factor concerned with the
mversion of a shunt, as 15 demanstrated in another patient with 11 mm Hg
pressure difference where there was no blood shunted even during the Valsalva
maneuver

Now we shall proceed to the discussion of the operated cases There were
27 cases with severe pulmonary hypertension whose pressures ranged from
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above 90 mm, Hg or with gradients no greater than 11 mm, when aortic pres-
sure was lower than 99, We consider the patient to have pulmonary hyper-
tension even 1f the pulmonary pressure is only 70 mm Hg, when the aortic
pressure 1s as low as 63

Another group of 14 patients with pulmonary pressures equal to or above
aortic were operated on They had no shunts, or small shunts in either diree-
tion, These 14 cases all were very severe, but only one died

We have had 21 patients with pure venous arterial shunts, with no evidence
of left to right shunts Only three of this group have been operated upon
The operations were performed under duress, for the patients actually de-
manded the operation The results have heen disastrons three operated on—
three dead. Unless sonte mothod 1 found 1 which pulmonary pressure may be
brought down, 1 would warn against operating on such patients

We have followed 25 patients with pulmonary hypertension who have been
operated upon for patent ductus

A bhoy 16 years of age, Grade D, was one of several patients with sy stemic
arterial hypertension The next patient was a hypertensive, 65 years of age
Five years and 4 months after lus operation he had a fairly large residual
hypertension Another patient, a child 10 years of age and 29 months post-
operatne, still has residual hypertension These patients with hypertensive
vaseular drsease 1n addition to their patent ductus do not respond well to
operations One of two exceptions was a chuld 4 years of age m whom systemic
artertal pressure returned to normal postoperatively

One patient has developed primary pulmonary hypertension or ordnary
pulmonary hypertension, but she had an arteriovenous shunt before the duetus
was closed When the ductus was closed the patient, age 11, was extremely
small Her whole condition improved immensely until one year later At that
time a complete change occurred and she has since developed eyanosis and 13
gomg downinll steachly

The other 21 eases follow more or less the same pattern, and they all hare
some residual hypertension We have 4 more ecases which are very sumlar,
except for one patient, a boy, who has equal aortic and pulmonary pressures
This boy was studied seven months after operation, and hus pressure was down
to normal

We have always held that pulmonary hypertension in the case of ductus
arteriosus 1s not conditioned exclusively by an extra amount of blood gomg
through the lungs They must have some abnormal factor in therr lungs which,
on bemng excited by this stimulus, results m increased pressure There are
some ductz which have very high pressures in spite of the fact that they
have small lumina

T would hke to end with one final note, that the duration of extra flow 1n
aormal lung tissue 1s wrrelevant, we believe, to the deselopment of pulmonary
hypertension One pattent who was 5 years of age had pulmonary hyperten-
gion but not as high as those of some children we ha\xf deecr)beq Moreo\:‘r.
this patient came back when she was 57 years of age with something remark-
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able to say: ““Doctor, I feel very much better now ** When we catheterized

ber the pulmonary artery pressure was down to 15 mm Hg

In conclusion 1t ean be said that patients with severe pulmonary hyper-
tension and right to left shunts in the presence of patent ductus arteriosus
are poor surgical risks and probably should not be operated on until some
means is found to lower pulmonary tension and reverse the flow n the shunt.
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above 90 mm. Hg or with gradients no greater than 11 mm. when aortie pres.
sure was lower than 89, We consider the patient to have pulmonary hyper-
tension even 1f the pulmonary pressure is only 70 mm. Hg, when the aortie
pressure is as low as 63,

Another group of 14 patients with pulmonary pressures equal to or abme
aortic were operated on They had no shunts, or small shunts in ejther diree-
tion These 14 cases all were sery severe, but only one died

We have had 21 patients with pure venous arterial shunts, with no evidence
of left to right shunts Only three of this group have heen operated upon
The operations were performed under duress, for the patients actually de-
manded the operation The results have been disastrous- three operated on—
three dead Unless some method is found in whieh pulinonary pressure may he
brought down, T wonld warn sgainst operating on such patients

We have followed 25 patients with pulmonary hypertension who have been
operated upon for patent ductus

A boy 16 years of age, Grade D, was one of several patients with systemic
artertnl hypertension The next patient was a hypertensive, 65 3ears of age
Furve years and 4 months after his operation he had a fairly large residual
hypertension Another patient, a chuld 10 years of age and 29 months post-
operative, still has residual hypertension. These patients with hypertensne
vaseular diease m addition to therr patent ductus do not respond well to
operations One of two exceptions was a child 4 3 ears of age m whom 53 stemie
arterial pressure returned to normal postoperatively

One patient has developed primary pulmonary hypertension or ordinar¥
pulmonary hypertension, but she had an artertovenous shunt before the ductus
was closed When the ductus was closed the patient, age 11, was extremely
small Her whole condition mproved immencely until one year later At thaf
tinte a complete change occurred and she has sinee developed eyanosis and i3
gomg downhill steadily

The other 21 eases follow more or less the same pattern, and they all have
some residuital hypertension We have 4 more cases which are very similar,
except for one patient, a boy, who has equal aortic and pulmonary pressures
This boy was studied seven months after operation, and his pressure was down
to normal

We have always held that pulmonary hypertension mn the case of ductus
arteriosus is not conditioned exclusively by an extra amount of blood gomg
through the lungs They must have some abnormal factor in their lungs whieh,
on bemg exeited by this stunulus, results in mereased pressure There are
some ducti which have very high pressures in spite of the fact that they
have small lumina

I would Jike to end with one final note, that the duration of extra flow n

normal lung tissue 1s 1rrelevant, we believe, to the development of pulmonary
Liypertension One patient who was 45 years of age had pn]mo.lh'lr_\' hyperten-
sion but not as high as those of some children we have descrlbed: )Ioreo‘ef.
e back when she was 57 years of age with something remark-

this patient cam:
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wall tension They are readily distensible, the degree of distensibnlity being
Himited by the jacket of fibrous tissue which eomposes adventitia As a part
of the aging procews, medial elastie fibers and nmuscle eells are gradually re-
placed by fibrous tissue Connequently, aetive tension mn the vessel wall de-
ereases and there 1s an inereased dependence on the nonelastic fibrous tissue
to himit vessel distensibifity,

Extravascular presure, that is, pressure exerted on the outer wall of the
vessel by body substanee which tends to reduce vessel diameter is kept to
a minimum by the presence of air, not flwd, 1 the alveol and the rhythmie
shifts from positive to negative intrathoracie presvure Distal to the smail pul-
monary arteries les a vast network of capillaries hterally suspended i ar
and supported only by their endothelial iming and the alveolar wall These
vessels readily adapt themselves to alterations in flow, Open pulmonary eapil-
taries visualized wnder the microscope constantly vary in number under normal
circumstances and the total stuft m the number open may be accentuated
by hypoxia, carbon dioxide and various vasopressor agents

The relationslup of pressure and flow m this readdy distensible system
is to all intents and purposes nonexistent under normat conditions Flow may
he mereased threefold without a sigmficant rise m pressure However, when
the point of maximal distensitbihity of the vaseular bed 1s reached, a linear
relationship appears No Jouger distensible, the system acts more like a seriey
of rigid tubes Each merement of flow adds an increment of pressure, Thus,
as flow 15 mereased, a relatively flat pressnre eurve 1s mamtamed until a ersti-
cal flow level 13 reached and then pressure and flow merease proportionately
It should be emphasized here that bloed tlow to an area of lung may be in.
ereased either by mereasing cardiac ontput or by deereasing the funectiomng
vaseular bed

The newborn lung, in contrast to the normal adult lung, 15 characterized
by a close relationship of pressure to flow Tlhie smail pulmonary arteres and
arterioles are musenlar sessels with an abundance of medial musele cells and
a relative and absolute merease i elastic fibers Vessel lumens are small The
potential force present in the walls of the infant vessels is greater than that
of the adultl. The omall dameter prrats the vessels 1o wathstand much Yagher
intraluminal pressures without marked dilatation or myury The explanation
of this difference is clear The fetal lung 13 an ntegral part of the systerme
creeulation whereas, after birth, the pulmonary cireulation becomes a separate
system, The newborn lung represents a transitional stage, a stage of gradnal
disuse atrophy of the musele of the pulmonary vessels Beeause of wwze and
wall thiekness, an merease 1 flow Ieads primanly to an merease in pressure
rather than an inerease m yessed diameter The work of Dawes and his asco-
clates demonstrates the close relationship between flow and pressure in the
newhorn lamb lung A small merease 1 aortie-pulmonary flow throngh a con-
strieted ductus caused a clear inerease 1n pulmonary arter) pressure

There are additional factors which help to establish this close relationship
between flow and pressure in the newborn lung Total lung size 1s probably
relatively Jess in the newhorn so that less flow 15 necessary to reach the limut
of distensibility Furthermore, at least in the early hours of Wife, alveols are not



The Relationship of Flow to Pressurc in Various
Types of Congenital 1leart Discase, Particularly
Those Associated with Pulmonary Hypertension

By J. Fraxcrs Daayaxy, Jr.

UNDERSTANDING OF THE RELATIONSHIE of pulmonary blood flow to pulmo-
nary blood pressure i congemital heart discase is made diffieult by the
lack of a swtable experimental preparation that includes a cardine defect
which ean wmerease pressure without altering flow (except by obstrueting pul-
monary venous return) or increase flow sizmfieantly withont altering pres-
sue Thus, ony reasonmg must be hased on elinieal information supplemented
by meager experimental data As a result, divergent and apparently irrecon-
cilable hypotheses have been advanced

Pulmonary vascular damage m patients with a ventricular septal defeet has
been said to represent either an associated eongenital defect, to he the result
of high flow, or to be the result of pressure transmitted from the systemie
crrculation through the defect to the lungs If one subscribes to any of these
views, how can the ligh flow auricular defect with normal pulmonary artery
pressure or the low flow defeet with pulmonary hypertension be explamed!
Is there & further explanation for these various ehinical patterns? The explana-
tion 15 to be found, I believe, in an appreeiation of the fact that flow, pressure,
and vasenlar injury do not always relate in a similar manner.

The relationship of blood flow and pressure cannot be discussed except
within the framework of the anatomic and funetional characteristics of the
pulmonary vaseular bed The factors which influence this relationship are not
only the s1ze and position of the cardiac defeet, the total area of the pulmonary
sascular bed, the Jumen size, and the wall thickness of the pulmonary sessels
The stage of development of the normal adult pulmonary vaseulature at which
significant alterations in either pressure or flow ocenr must also be meluded
Thus, a defect which exerts sigmificant stress at birth may establish a different
relationship between flow and pressure than one that becomes significant after
the adult pulmonary vascular bed has been developed The normal lung con-
tains a low pressure, highly distensible vaseular bed, one which ean aecommo-
date a threefold merease n flow with little or no change in mean pulmonary
artery pressure Pulmonary r decreases if pul: ry blood flow 1s
inereased acutely This means that there 1s either an increase in diameter of
the existing patent vessels or an increase mn the number of functioning vascu-
Jar channels. The smaller pulmonary arteries and arterioles, 1n contrast to the
thick-walled and relatively small-lumened arterioles of the systemic circula-
are thin-walled and large-lumened and capable of only minimal active

tion,
Supported tn part by USPH Grant #2308

220




THE PULMONARY CIRCULATION 1IN CONGENITAL HEART DISEASE 223

and the opening up of the alveolar capllary bed The volume of shunt is suffi-
cient to utilize the expanded vascular bed and therefore pulmonary arterial
pressure does not fall to normal Provided the shunt is hmted by the size
of the defect, presoure may gradually fall towards normal as heart and lung
size inerease and the vascular bed beeomes sufficiently large to encompass the
inereased pulmonary blood flow The retention of an elevated pulmonary
artery pressure after birth does not permit normal disuse atrophy of the
musele of the pulmonary vessels They remain relatnely thick-walled and
small-lumened Thus, the hinear relationship of pressure and flow 1s main-
tained or else beeomes manifest at a lower flow rate than m the normal adult
lung This difference m the stage of pulmonary vaseular evolution at which
the lung is subjected to stress explains why there is usnally a nermal pul-
monary artery pressure and a very high flow m the simple aurienlar defeet,
and yet a somewhat elevated pressure at a much lower flow level in the mod-
erate sized ventriculfar defect

The tiny ventricular defect and the usual small patent duetus do not per-
mit a sufficrently high flow to retain an elevated pulmonary artery pressure
exeept, perhaps, for the first few days of life Thus, 1n terms of the pulmonary
vasenlature, they resemble the auricular defect On the other hand, becamse
the shunt is large shortly after birth, the septum primum defect with mitral
insufficteney or the total anomaly of the pulmonary venous return resembles
the moderate sized ventricular defeet

When the ventricular defect or communication between the great vessels 1s
sufficiently large so that 1t, itself, does not imut the volume of shunt, a com-
mon systolie pressure or common ejectile force exists in hoth the aorta and
pulmonary artery Flow to the two ecirculations, then, 1 totally dependent
upon peripheral resistance, a sitwation comparable to that present in the
fetus In terms of flow, peripheral resistance 1s expressed n the diastolie
pressure level Since mean pressure integrates both systohie and diastolic, a
drop 1n pulmonary vascular resistance must not only lead to an inerease in
pulmonary blood flow but a decrease ;n mean pulmonary artery pressure
By the same token, a decrease i systemie resistance causes an mereased
systemic blood flow, a decreased pulmonary flow, and a decrease 1 both
systemic and pulmonary artery mean pressure It becomes apparent that
the relationship of pulmonary artery flow and pressure 1n the presence of a
large communieation between the two cireulations cannot be discussed as an
1olated relationship but must be diseussed 1n terms of the total eirculation
The position of the lungs in the total cireulation hecomes comparable to any
other organ such as the bram, kidney and heart, instead of bemg separate
and distinet Yet the vascular bed of the lungs 15 much less protected than
that of other organs Following birth, since fluid has been replaced by air
in the alveolar sacs, much of the supporting strueture of the smaller pul-
monary 1essels lias been removed This aceurs at a time when pressure 1n the
total eirculation 1s rarced because the low resistance placental vascular bed 1s
shut off. Tt is small wonder t2at the stress on the lungs 15 frequently excessive
The effect of strain 1s exther progressive vascular dilatation, an acute mnjury
Tesponse, or an acute arteritis The result of dilatation 15 a progressive de-



222 PULMONARY CIRCULATION

totally emptied of ammiotie fluid and distended with air. Thus, extravascular
pressure is mereased, and sets as an adltional foree direeted agaifist vessel
enlargement  Winaly, there is, I believe, good evidence that the inereased
thiekness of the media permits a more efficient response to vasomotor stimulus
The thickness of vessel wall adds & protective factor to the vaseular bed, When
pressure rises and the vessel is acutely stretehed, rupture of the wall is Jess
Tikely to occur. Instead, further hypertrophy of vessel wall develops nsually
not assoctated with significant fntimal damage.

Pulmonary vaseular discase of sigmificant proportions otill forther alters
the interrelationship of flow and pressure The vascular changes both reduce
vessel distensibility and reduce the total number of patent vascular channels
Convequently, the pulmonary vasenlar hed functions like a system of rigid
tubes A small merease in flow is accompanied by an jncrease in mean arterial
pressure, ,

Thus, 1 the normal adult lung, pulmenary blood flow and pressnre bear
Tittle relationship to each ather until high flows occur and the vasenlar bed
has been totally utsthzed A hmear relationship 1s demonstrable at a much lover
flow m the newhorn lung and, m the presence of severe pulmenary vasenlar
disease, any increase m flow leads to an merease in pressure How does this
eoncept aid m understanding congenital malformations of the heart in wich
there 15 ¢ potentw! shunt without pulmonary stenosw? In the early months of
life, the left-to-right shunt through a stmple auriewlar defect 1s small as indi-
cated by the relatively normal heart size, shightly inereased right veniricular
chamber size and normal eleetroeardiogram Sinee the shunt is mmimal m
infaney, the pulmonary vascular bed undergoes dicuse atrophy and evolves
in a normal fashuon s the shunt gradvaily increases with the passage of
time, the addiional flow 15 accommodated by passive dilatation of already
patent vessels and opening of new channels without a rise m pressure Blood
pressure does not rise unti the shunt has reached tremendous proportions
or unnl the total pulmonary vaseular bed has been sigmfeantly reduced by
repeated parenchymal infections In our experience with a series of patients
with an aurteular defcet. pulmonary hypertension and pulmonary vascular
disease, wital eapacity and mavumum breathing capacity were reduced an
average of 50 per cent and all patients gave a Justory of repeated pulmonary
mfeetions Onee pressure has become elevated, a vieious cycle 1s precipitated
The thm-walled nature of the poorly supported pulmonary yessels makes them
partienlarly susceptible to mnury Intrmal thickening assoerated x.vmx some
degree of medal hypertrophy reduces the caliber of the vewels increasmng
pulmonary resistanee and necessitatmg a stil greater propelling pressure
The reJationship of flow and pressure changes ramdly to that assoeiated with
pulmionary vascular disease When the right ventriele fails, filling pressure
vises, and the shunt 1s reduced and eventually may reverse Thas seq\wncg of
events may be surprisingly rapid, and an argument in fasor of early surgical
closure

1n contrast, through a moderate sized ventricular defeet or patent ductus,

a significant shunt oceurs as soon as pulmonary vascular r(ﬂz}stanc.e dr(.)y;s fol-
lowing lung expanston, the replacement of alveolar ammotie fluid with ar,
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Evidence of arterial injury was found in about one third of the patients
who died shortly after a systemic-pulmonary anastomosis was ereated The
lesions can be divided mto three stages of increasing severity.

1, Distention of the small pulmonary arteries and arterioles, nith stretch-
ing of the vessel wall (fig. 1)

2 Eseape of red blood cells from the lumen, presumably through minute
areas of rupture of the vessel wall (fig. 2

3. Frank rupture of small pulmonary arteries (fig. 3). The extravasated
blood disrupts the layers of the artersal wall and separates the adventitia
from the media.

Fio 1—(left) Small pulmonary artery from a 5 year old hoy with tetralogy of Fallot who
died of eercbral anovia after a p y arterial Note the distention
of the veswel, atretehing of the arters1l wall, and capillary congestion

Elastic trsue stain x300

F16. 2—(right) Small pulmonary artery from a 2 year old girl with tetralogy of Fallet
who dsed of cerebral thrombosis 36 hours after an innomimate pulmonary arteri1l anastomoss
Note red blood cells 1n Letween fibers of adventitia and marked eapillary congestion
Elastic twsue stain x300

In most mstances the capillaries are markedly congested and may rupture
also These lesions may be associated with evidence of venous congestion and
pulmonary edema, but m many 1nstances they were found 1n the absence of
cardiac failure, in patients who died of other causes {cerebral anoxia, aspira-
tion and hemorrhage) 1n the immediate postoperative period

The mportant question concerns the fate of these lesions if the patient
survives Do they imtiate changes m the vessel wall, which may gradually
result in narrowing of the pulmonary arterial bed? To date we have not
\1)een able to trace the sequence of events which follow arterial mjury n the

ungs

Among the patients who died 1 to 11 years after operation late fibrotic
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crease in pulmonary vaseular resistance despite the maintenance of a rela-
tively constant systolic pressure, an inerease in the pereentage of total cardiae
ontput directed to the Iungs and frequently, death in high output failure or
acute pulmonary edema The result of arteritiv is progressive luminal nar-
rowing due to medial hypertrophy and intunal thickening, a deerease in
pulmonary blood flow despite the maintenance of a relatively fixed nystolie
pressure. The relationship between pressure and flow in the presence of a
large ventrienlar defect would appear, therefore, to be opposite to those pre-
viously diseussed. A rise 1 mean pulmonary artery pressure iy accompanied
by a decrease in flow mstead of resulting from an merease in flow.

In this diseussion, 1 have dealt with a few of the complexities involved in
an understanding of pulmonary pressure-flow relationships, It is, T belteve,
apparent that the relationship is neither the same for all malformations nor
151t constant in each malformation We are dealing with a dynamic and ever-
changing system, particularly so when the pulmonary ecirculation 1 direetly
a part of a changmg systemic errculation Our understanding cannot be com-
plete unless 1t meludes the part played by all factors The important factors
I have discussed are (1) <ize, characterstics and evolution of the vascular
bed, (2) size and position of the cardiac malformation, and (8) the importanee
of the systemie cireulation In the future, the role played by changing vaso-
motor tone must be evaluated and fitted into the total picture, Perhaps then
we will be 1n a hetter position to predict the patient’s clinical course and
select the 1deal time for correction of the underlymg defect

Discussiox

Ferexcz I would like to show briefly some pulmonary vaseular changes
which may oceur i another kind of patent ductus one created artificially
for the relief of symptoms 1n patients with tetralogy of Fallot and simiar
malformations

First 1t must be mentioned, that in these malformations alterations n the
pulmonary vascular bed may be found n patients who have not been oper-
ated upon Dr Rich has deseribed these thrombotie lesions, which are present
in various stages of orgamization, and whieh can result in significant, often
severe, narrowing of the pulmonary vessels. In our recent studies we have
attempted to relate the presence of these lesions to the age of the patient and
the degree of polyerthemia, but have found no clear cut correlation We did
find, however, that in patients with moderately severe thrombotic ?hangeﬁ,
a history of spells of paroxysmal dyspnea was twiee as frequent as in those
who had only mild lesions or none at all Thrs would suggest that the epr-
sodes of paroxysmal dyspnea, in which the pulmonary blood ﬂ0\w"1s slow,
contribute significantly to the occurrence of intravascular thrambOSI.i

Pulmonary vascular changes observed following shunting operations are
entirely different 1 nature They are simtlar to those shown ‘to us ye.sterday
by Dr. Ferguson and Dr Dammann m col’mectiou. with t.hen' cxpel:lm(’n(?ﬂ
work, and similar, also, to lesions of the mesenteric arteries noted in some
patients following resection of a coarctation of the aorta



Pulimonary Ilypertension Developing in

Atrial Septal Defect

By Lewis DexTer

Ammb SEPTAL DEFECT 15 characterized by a defeet in the septum between both
atria which, if suffieiently large, results in a free communication between
these two ehambers Althongh there 1s presumably little shunting at birth, a
left-to-right shunt does develop early in hife from left atrium to right atrium.
Eventually the shunt, and therefore pulmonary bleod flow, may be enormous
This shunt passes via the right ventricle, through the lungs, back to the left
atrium, resultmg in a torrential pulmonary blood flow ! Caleulation of these
huge pulmonary blood flows by the Fick prineiple 1s fraught with error be-
cause of the narrow pulmonary arteriovenous oxygen difference Whether they
are 20, 25 or 30 liters per minute makes little difference

The findings 1 2 ease of uncomplicated atral septal defect are 1llustrated
below Note that the caleulated pulmonary blood flow was 116 liters per
minute, the pulmonary arterial pressure was shightly elevated, and the pulmo-
nary vascular resistance was caleunlated to be well withm normal Iimits

Taste 1 —Findings m Case I of Atrial Septal Defect

Osygen Pressure,
YTC age19 ce /L mm Heg

Femoral artery 184 (93%) 122/82 (93)

Left aurcle 194 6

Pulmanary vein 192 7

Pulmonary ‘“capltary”’ 193 7

Pulmonary artery 177 33/12 (23)

Right vuntricle 182 3%/6

Superior vena cava 110

Body surface area 136 sqM

Oxygen consumption 198 ce /mn

Peripheral blood flow 37 L/mn

Pulmonary blood flow 116 L /mn

Shunt, left-to right 79 L /mn

Tulmonary vascular resistance 63 dynes see cm 5

The findings 1n a second individual are shown on p 228 Note that there was
artenal oxygen unsaturation, some shunting from left-to-right and from right-
to-left, the pulmonary blood flon was low, the pulmonary arterial pressure
very much elevated, and the ealeulated pulmonary vaseular resistance of 1230
dynes seconds em -5 was between 15 and 20 times the normal At postmortem
examination, this patient had a large ostium secundum type defeet All the
vasenlar changes 1n the large arteries, small arteries and arterioles that were

207
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Fia 3 —(left) Small pulmonary arteries of n 21 month old boy wath trieuspid atresia who
died suddenly following a convulsion 24 hours after a subelasian pulmonary arterial anasto
mosts, Note rupture of arteries with masane extravasation of blood disrupting the adsentsha
Elastic tissue stain. x150

¥ia 4 —(right) Small pulmonary artery from a 16 year oMl boy with tetralogy of Fallot
who died 8 years after a subelavian pulmonary artenal anastomosis, which way patent at
autopsy Note marked fibroms of artenal wall and narrowed lumen
Elastic tissue stamn X150,

changes were observed 1n about one third I wonld Iike to show just one ex-
ample of these Figure 4 shows a small pulmonary artery of a 16 year old
boy, who died 9 years after a subclavian-pulmonary anastomosis was per-
formed He had a good result from the operation, with a good continuous
murmur for 6 years and then a gradual dimmnution of the murmur of the
anastomosis and return of eyanosis At autopsy the anastomosis was patent,
but the pulmonary arteries showed extenstve fibrosis and obstruction of the
Jumens

We do not know what relation, if any, there 1s between the injury changes
noted early and the occurrence of artertal narrowing many years after opera-

ton.
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Fto 1.—The relationship of pulmonary blnod flow to the pressure difference across the
lung (pulmonary arterial mean pressure mimus the left atrial, night atnal, or pulmonary
*‘eapillary’’ wedge pressare) Note that at high flows, there 15 an nconstant tendency to
imereased pressure At high pressures, the flow 13 1avarably reduced

20 up into the sixth decade of life have any defimite elevation of pulmonary
vascular resistance The lines joming two dots m figure 2 illustrate the pro-
gressive nature of this disorder once 1t has appeared. these being the only
eases of the group that have been restudied at a later date The highest re-
sistance encountered was some 33 times the normal, a fantastic increase of pul-
monary vascular resistance

I shall not attempt to discuss the errenlatory consequences of the inereased
Tesistance in this disorder, but wenld rather emphasize this peculiar behavior
of the late devel of pul -y vascular resist m atrial septal de-
fect. The question arises as to why there should he such a delay 1n 1ts cceur-
Tence As we have heard,23* the mereased pulmonary vascular resistance of a
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diseussed yesterday were present, and in addition there was 2 large thrombus
occluding the left main pulmonary artery and all its major ramifications
There were scattered thrombi throughout the vasenlature of the right lung
There appeared to be only a few major channels left to accommodate the pul-
monary blood flow,

TanLF 2 —Tindings tm Case 11 of Atreal Septal Defect

Oxygen Pressure,
KR age 43 ce/L, mm, g

Femoral artery 165 (86¢,) 120/75 (90)
Left auricle 5
Putmonary vein 188 (9892)
Pulmenary artery 131 83/3 (31)
Tught sentricde 133 83/5
Riglt aursele 133 5
Supenior vena ema 1ns
Body surface arca 1.5¢ sq M
Oxygen consumption 171 ¢c /min
Peripheral bload flow 34 L /mm,
Pulmonary bloot flow 30 L/mm
Shunt, left to night 07 L/mn.
Shunt, right to left 11 L/mmn
Pulmonary vascular reswtance 1230 dynes see. em.®

Thus, pulmonary vascular diease, ie, obstruction to blood flow through
the lungs, is a major complication of atrial septal defect The relationship
of pulmonary blood flow to the pulmonary arterial-left atrial pressure differ-
ence 15 illustrated m figure 1 It will be seen that at high flows there is a tend-
ency for the pulmonary arterial pressure to be elevated, but only to a modest
extent and even then not umformly so Three of the patients with the highest
caleulated pulmonary arterial flows had normal pressures, whereas another 3
had definttely elevated pulmonary arterial pressures but these did not exceed
30 mm He As the pulmonary arterial-left atrial pressure difference became
lugher, pulmonary blood flow was lower, and at the highest pressures the
pulmonary blood flow was either normal or below normal It s eoncluded,
therefore, that at very lngh pulmonary blood flows there may be a modest
erease of pulmonary arterial pressure, although this lias not been a uniform
finding, and that there is an imerse relationship between the height of the
pressure difference aeross the lung and the pulmonary blood flow

Figure 2 illustrates the relationship between caleulated pulmenary vasenlar
resistance and the age of the patient It will be scen that in no instance has
a definite elevation of pulmonary vaseular resistance been observed before the
aze of 20 This has been well borne out by the published literature, and I know
n; onlv 2 or 3 instances of a definite increase of pulmonary vaseular resist-
ance i‘n childhood among patients with a secundum type of defeet It 1s.con-
clnded, therefore, that under the age of 20 pulmonary vaseular disease is n;l
esceedingly rare complication of atral septal defect of the secundum type and.

from figure 2 it can be seen that only about half of the eases over the age of
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As shown in fignre 3, the lugher the pressure 10 the pulmonary cireut, the
lower the pulmonary bload flow In ~everal of our cases with severe pulmo-
nary vaseular disease, extensie thrombosis of the pufmonary vaseulature has
been promittent, and ths has been a froquent finding m the literature 58 [
know of no evidence to indicate whether thi 19 an early or a late process, 1,
whether thiv initiated the pulmonary vasewlsr obstraetion or whether it is a
late phenomenon aggrarating the pulmonary vascalat obatruction. I 55 cer-
tamly possible that as the pulmonary blood flow deereases, there may be a
tendeney to the production of stagnant thrombosts, such as oeeurs 1 the lefy
styitim m nitral stenosis

Funally, there 1 8 powihubly of diffuse vasoconstriction in these cases, con-
cerntingy whieh 1 have no wiformation dut 1 belteve Dr Burehell ® will diseuss
this m the ensming paper

Ogpe factor other than pulmonary hypertepsion sppears to be responsible
for » reduetion of mght ventrieular ontput N number of patients have been
observed wathout pukmovary hpertension whowe right ventrieular outpnt has
mereased eonniderably fter the admnistration of digstain, mdseating that the
right ventricle had been maifunctionmg and unable to eject its full contents
during systole, 1e, 1t had {mied, and that followmg the administrabion of
igatalis the stroke ontput mereased notnbly It av postulated that the reduced
right tentricular output, whether on the baws of pulmonary hypertension or
ot the basis of faifure from the Jong-continned work foad from its high output,
predusy o H bosis 1 the Tungs

In summary, 3t wonld appear that the late development of pulmonary vas-
eular disease 1B patiettts with atrial septal defect may be due to & variety of
factors Although the wmtrating factor n nat entirely apparent, there would

Eypothesis of Genesis

High pulmonary blood flow

t ventriewlar Pulmonary
RS failure < bypertension
1
Diminished
blood flow
KR Pulmonary vascular
Stagnant thrombosis leslons end
{vascular obstruction) obstruction

Fig 3~y pothesia of genesss of pulmonary sascubiz disease 1 atral soptal defect Sehema
te demanstrate some of the factors which produce profyresseve vaseulas shsease 15 sknial geptad
defeet. See text for dusevseion
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Fia. 2 —The relationship of pulmonary sasculur resistance to age Note that under the age
of 20, no defintte increase of resistance 15 seen Oser the age of 20, about half of the cases
have an inereased resistance and the other half do not The dots Joined by arrows show the
rising with time, g the of pulmonary vaseular discase
m patients with atnal septal defect

ventrieular septal defeet 15 prempt to appear 1n infaney and childhood In this
condition, there 15 a lugh flow as well as a high pressure mn the pulmonary
cirenit from irth In atrial septal defeet there 1 a very high flow oceurring
not at birth but some time after barth, accompanied by an essentially normal
pressure Perhapy it is just this—the high flow and normal or only mild ele-
vation of pulmonary arterial pressure—that takes twenty years or more to
produce pulmonary vaseular disease

Patients with atrial septal defect are notorious for their susceptinhty to
respiratory mfecttons Dr Dammann * has mentioned that some of these mdi-
viduals develop pulmonary ventilatory disturbances, which might be an added
factor 1n the genews of their pulmonary vasenlar disease Unfortunately, I
have made no observations on this pont in my own patients

1t has been suggested that pulmonary embolism may play a role here Pul-
monary embolism 1s rare 1n the first two decades of life and begins to become
apparent n the third decade However, I have been unable to detect any
evidence that pnlmonary embolism has oceurred mn any of our patients with
pulmonary vascular disease, and 1f this 1s a factor, I suspeet 1t is rare .

Some sort, of vascular change begms to become apparent mn about the third

decade of life. Coronary disease, thrombophlebitis and pul boli:
- . se swn swesenlas a@aatine tha ovetemic cirenit. In the lesser

' ‘nerally appear in the trilogy

ntricular septal defeet, but

whether or not the delayed appearance of pulmonary \ascu]u.r disease m.atriﬂl

septal defect is temporally related to some concomitant disturbance in the
pulmenary vasenlature, T do not knosw.



The Application of Arteriography to the

Pathological Study of Pulmonary Hypertension

By D. 8. Suorr

LTHOUGH OUR KNOWLEDGE of the pathelogy of the pulmonary arteries m
A pulmonary hypertension has advanced greatly i the past deeade, the
contributions hitherto have been quahtative rather than quantitative We still
have not answered the important question How extensive is the arterial dis-
ease, and to what extent does 1t account for the resistance to blood flow through
the lung in pulmonary liypertension

It 15 widely believed that the arterial disease demonstrated at necropsy 15
nsufficient to aceount for the higl vaseunlar resistance present during life
Random histological sections do not, honever, reveal the true extent of arterial
disease for they do not provide an adequate picture of the arterial bed as a
whole Pulmonary arteries are sometimes occluded for short distances only,
and appear normal in sections taken above and below the point of obstruetion
{Spencer, 1950) Moreover, branches otherwise healthy are frequently con-
strieted at their origin by intimal proliferation n the parent artery (Harvey,
1956) Such focal narrowing may be miwsed unless hterally hundreds of sec-
tions are examined (fig 1)

Arteriography offers a means of displaymng the arterial bed of the lung
in 1ts entirety

In 1951, Willtam Evaus of the London Hosptal established the value of
pulmonary arteriography as an adjunct to histology and showed a generahized
depletion of the finer pulmonary arteries in various kinds of pulmonary hyper-
tension

Since 1952, Evans and I have together studied the pathology of pulmonary
hypertension by a combination of arteriography and histology m mitral ste-
nosis (Evans and Short, 1957}, congenital heart disease (Evans and Short,
1958) and {(m assoeiation with Evan Bedford) n primary (or solitary) pul-
monary hypertension {Evans et al, 1957)

This communication is based on the resnlts of 70 pulmonary arteriograms
performed exther at the London or the Middlesex Hospital Thirty-five of the
cases had established pulmonary hypertension, and 35 were controls The
dragnosis of pulmonary hypertension was made on clinical grounds, and con-
firmed by the finding at necropsy of a right ventricular wall at least T mm thick,
the normal being 3 to 4 mm Approxumately half the patients were mnvesti-
gated during life by eardiac catheterization which also confirmed the presence
of pulmonary hypertension Jost of the patients with pulmenary hypertension

had been disabled for at least a year, but a few died within six months of the
onset of symptoms

233
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appear to be at least two vieious eircles established for its continuation, as
indicated in figure 3 The high pulmonary blood flow may lead to a mild
degree of pulmonary hypertension, which eventually results in the appearance
of vaseular lesious, which in turn promote further pulmonary hypertension,
this errele being a continuous one, High pulmonary bleod flow er pulmonary
hypertension may at the same time produce right ventricular failure with
diminished blood flow, stagnant thrombosis, and then the production of fur-
ther pulmonary hypertension In any event, once this process of pulmonary
hypertension starts, it appears to be a progressive one, intsrfering with the
suecess of surgery and leading eventuaily to the death of the patient.
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Tantr 1 ~~Cavor Intratipated by Past Mortem drtereography

Putuon iy

s Number 3 prriensinn
Mitral stenosiy 1< 2
Copgenatal heart dsease v 3
Other saniehies of heart disesse E
Chronse Jung diwwase 13 ¥
Sabtasy puimonar bypertennion K 7
Herurrent palmonary embolismn : 2
Systean- hypertonsion 4 1
Miceallsnrons 9 1
Totrte R 35

the artertogram should refleet only structural changes m the artertal bed
Tiis way therefore carefully cheched by ustological sxammnation In the un-
ngected Inung, the elastic lammae were always more or less deeply crenated,
but after a saticfactory mgection, the artemal wall naw mueh thinner in refa-
tion ta the size of the tumen aund the elastie laminee were quite smooth In
practice, full distension was achiesed by heating the suspension to 809 0, and
myecting 3t ot a pressure of 30w He I cases of pulmonary hepertenswn,
@ prewure of 100 mm Hy was wed

To display the smallest arterioles adequately arteriograms must be mag-
nified by at least 15 dinmeters Barelay (7947) showed that by using Kodatine
Standard Fim the desired Il could ha with only shight
madhfication of the wsnal raciographie techmaue

Fiaoreas

Pulmonary artertography proved helpful i differentiating pulmenary ar-
teries from bronelual artertes and pulmonarv arterwles from venules at snb-
sequent histalogseal examination In spite of Verloop's (29481 clear deserip-
tion of the normal Bronchual avtertes, these 1essels have often been nustaken
for obstrueted pulniomary arteries In mitral sterosts, the senules are narrowed
b) a subendothelat depasition of eominapbilic matenal and they have fre-
quently been X for narrowed arteral

Pulmonary arteriography was abo valusble i demonstrating abnormal
anastompses, both beivwesn pulmenary anid bronvimal artertes, and alvo betneen
branches of the puimonary arteries

The most mpnrtant information provided by the artersogram concerned the
extent to which the pulmonary artertal bed was reduced hy organse disease
In the absence of pulmonary hypertension, there was never any simmfieant
reduetson m the pulmonary artertal bed althongh often a few smalfl arteries
were occluded, and sometimey a segmental artery was obstructed In estab-
lished pulmonary hypertensian, on the other hand. the pulmonary arteral
bed nas always greatly reduced even when symptoms had been present for
only a few months

In cases of recurrent pul) y embolien, the pnk ¥ arteriogram

showed large fifling defects due to ocelusinn of segmental arteries In places of
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F16 1,—The madequacy of routine lustological seetions ut the demonstration of foeal ar-
tersal bloek
A. Occlusion proxamil to arterual Infurcation
Section taken nt 4 would show occtusion, and at 3, narrowing, but scepiona taken at 1, 2,
8, and 6 would show a normat Jumen
B. Btenosi at the onmn of a side branch
Seetton taken at @ would show narrowing, but sections takes at & and ¢ would show 3

sormal lamer.
In both cases, arteriography would demonstrate the obstruction because the mjectson medium

would he unable to pass it,
Meriiop

At necropsy, one lung was remored mtact and kept for ar teriography The
other was examined m the usual way, from three to ten blocks bemg retained
for microscopy. Seetrons were routinely stained with Verhoeft's elastic stan
as well as with haematoxyhn and eostn The technique of artermgra)jh." has
been deseribed in detail elsewhere (Short, 7956}, so ouly a brief outline will
be given here .

The radro-opaque medium used (a bismuth oxyehloride-gelatin sispension}
was one which penetrates to yessels of 30 microns, stopping just short of the
therefore fills most of the resistanee vessels of the lung

at sueh a pressure that the arteries
w oAv ot . 1 on that

capiilaries It £ 1
The suspension was heated, and injected
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ELASTIC ARTERIES jLVUSCULAR ARTLRIES ARTERIDLED
ATION
£LAIBIFIC OVER 3,0 rm BIAY J 0,1 « 1,0 mm CIAN j UNDER 0,1 mm DIAN

PULLANARY
EXNBOLISH

COROERITAL NEART
DISEASE

SOLITARY FULLONARY
KYPERTRISION

MITRAL STENOSIR

Fid 2—The size of artery obstructed w difforent 1 artetiea of pulmonary hypertension

ROBYAL IRTIMAL
PULMORARY ARTERIRS FROLIPERATION

¥ & 2 : .
Fie 8 ~The two forms of organse perplieral asterni} narrowing 10 pulmon iry hy pertension
A Contard prng from seetion of normd lung [ om thack nffer wection of basmnth o

chivnde pelstia suspension to maun pulmenary artery of intut bung {#pprox Life
fize)

B Artenegram, prepaved i avme way 43 .1, 1 pulmonary hypertension, showing meny
arteries lacked by wtimal prohfecatsas {approx hife srel

€ Artenogram, prepared tn sime wav 8 J, 1n pulmonary hypertension, showmng preries
&ifusely narrowed by contracture (approx Lfe mred

Thas figure 19 reproduced by permuscian of the Lancet.

Discrssion
The Effect af the Obscrved Arterul Norrauing on Reswstance
{0 Blood Flow thyough the Lung

Both types of arteral narrowing might be expected to cause a serious
erease m resistance to blood flow through the lung When most of the
peripheral arterses are oceluded and the crrewlation through the lung is virta-
ally mamtaned by ebnormat callateral channels, the functional effect 1s obvi-
ous When there 1 merely a yeneralized difuse narroy wmy of the arteries, the
&ppearances are not so strikng, but the effect 15 probably just gs great
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actual infarction, the injected material collected to form dense jrregular
blotehes resembling irds® nests,

In matral stenosis, the arteriogram was abnormal whether pulmonary hyper.
fension was present or not. Focal changes, present m every case, ineloded
thrombotic obstruetion of segmental arteries, nfarction and abnormal arterial
anastomoses These did not give rise to any important reduction m the pulmo-
nary arterial bed

Diffuse changes were found only in those cases with pulmonary hyperten-
sion They were of two kinds One was widespread obstruction of arterioles
and small arteries less than 02 mm n diameter. The otlier was a generalized,
iffuse narrowing of the periplieral arteries and arterioles; their caliber being
reduced to hetween two-thirds and one-half of the normal The bore of these
arteries was usually smooth, but oceasionally there were ndents due to
patehy arteriosclerosts The segmental arteries were constrieted especially in
the lower half of the lung

In a single ease of congenttal heart discase with a large left to right shunt
and a normal pulmonary vaseular resistance, the arteriogram showed dilata-
tion of the pulmenary artery and its segmental branches ; but the peripheral
pattern was norial apart {rom areas of infarction.

In cases with pulmonary hypertension, the arteriogram showed widespread
narrowing or occlusion of the smaller arteries and arterioles The size of
artery affected varted In one case, the majority of arteries up to 20 mm in
diameter were obstructed; in another, those below 04 mm.; and n a third,
those below 02 mm

In each of the seven cases of solitary pulmonary hyperiension there was a
great reduction 1n the arterial bed, particularly at the level of the imfﬂ\
artertes and arterioles In three cases, the narrowing chiefly affected arteries
04 to 07 mm 1n diameter; m two, arteries 01 to 93 mm ; and m one, the
arterioles In the seventh case, there was sinply a diffuse narrowing of the
egmental artertes and all thewr branches right out to the periphery without
signifieant occlusion

Summarizing thus far, then, we may say that pulmonary arteriography,
performed m such a way that 1t demonstrates only argaric narrowing, has
varably shown a great reductton in the pulmonary arterial bed in cases
of established pulmonary hypertension.

Two distinet types of arterial narrowing linve been revealed. One is oceln-
ston, or abrupt stenosis of the lumen so great as to prevent the onward pas-
sage of the radio-opaque medium The site of maximum obstruction vared in
(different cases (fig 2) In recurrent pulmonary embolism, jt was in arteries
10 to 10 mm in diameter or even larger. In congenital heart disease, it was
in artertes 10 to 01 mm In solitary pulmonary hypertenston, 1t was in
arterjes 08 down to 003 mm In mitral stenosts, 1t was in artertes 02 down to
003 msm The other type of narrowing 15 a diffuse reduction 1 ealiber of the
peripheral arteries to hetween two-thirds and mw:ha]f of the normal (‘ﬁg ‘-':')‘
As a rule, the two types of narrowing were I tary, hut y,
the diffuse form was found alone
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Fig, $.~Mugnified urtersogram, show g the desror of nasrowing cansed by arternal ron-
tencture,
Asteripgram of normal tung lobule {x 3).
Atteriogram of fung lobule i puimoniry hyperteaon, showing diffuse narrowming of
arterses and arteniohs 12 5>

£ >

Thrs figure 15 reprodueed bv permission of the Lancet.

B RS

NAe

i L2

¥ia. S—~istologie 1§ aections of nrteries 1 a state of tntr wture

A Elastie artery, approx 175 mm Sumeter (x 30)

B Muscafar artery, approx 043 mm drameter (x 100)
The arteriograms of both the lungs fram which these seetions were taken showei a wideepread,
diffuse sedurtion of the arteral lumen o letween une half and two thirds of the narmal as
wlig, 48
There 13 1o wtimal proliferation The arteries azre 2ully disteoded by the bismuth suspension,
8 showa by the fact that the el sstre Jamine are smastk, they are, therefore, not m u state of
#9a%0ac constrichion, The Rarrowing of the lymen 18 Bot due to bypertrophy, smee e wall
At.onats for only one tenth of the externe) diameter 11 4, and osdv one thirbeth 1o B

of variation 1 eahber, but it cannot be distended to the same degree as befare,
Tt wives the appearance of hypertrophy beeause the same amount of musele 15
contained within a smaller eireumference.
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Poiseuille’s law indicates that the pressire within a tube varies inversely
with the fourth power of its radius. Admittedly, this Imw cannot be apphied
without qualification to the arterial cirenlation, hut Burton (1952) has shown
that it furnishes valuable appro<imations whick are at least of the right order,
provided the pressure 1s sufficiently above the ertical closing pressure of the
small vessels Thus a small ehange 1 ealiber has a profound effect on pressure
A reduetion in caliber throughout the lung to two-thirds of the normal would
raise the resistance approxmmnately fivefold, while a reduction to half the normal
caliber would raise the resstance sixteenfold N

Correlation between Arteriograplie and Histological Findungs

On histologreal examumation, it was evident that the abrupt narrowing or
ocelusion was due to the presence of abnormal intimal tissue In arteries over
10 mm in diameter, this had the appearance of organized thrombus In
arteries less than 10 mun in diameter s nature was frequently uncertain,
and for this the term intimal proliferation is used. Intimal proliferation was
often associated with focal media) thanning §

The nature of the diffuse arterial narrowimng was not 1nmediately obvions
The mtuna usually appeared nermal, Sometimes the media seemed abnormally
thick, but not always The arterrograplic appearances would be consistent
with a spastie vasoconstriction persmting after death, but histologmeal exam-
nation showed the arteries to be fully distended with their elastic Jaminae
smooth and stretehed, The narrowing s therefore organic and not spastie.

What 15 the nature of this argante change? Is it medial Iypertroply { As far
as T am aware the presence of hypertrophy i the peripheral pulmonary
arteries has never heen established by diveet measurement. O Neal and others
(1955) made careful measnrements of the cross-sectional area of the media
of the musenlar pnlmonary arteries 1 eases of mitral stenosis, and enmpared
them with controls They conld not demonstrate any retual merease jn media

Furthermore, and this 1s erucial, the walls of the arteries in the mjected
Jungs are not thick enough to account for the narroning of the lumen which
is seon m the arteriograms If the lumen is narrowed by one-third, and thy
narrowing is due to mural by pertrophy, then thie wall should aecount for at
least one-third of the external dtameter of the myected artery In faet, xt
comes nowhere near to doing so {figs 4 and 5) In segmental arteries the
proportion 15 about one-tenth, and 1 museular arteries about one-thtriteth
The diffuse artertal narrow tng cannot therefore be due to medial hy pertrophy

The narrowing might be congenital But then it 15 diffienlt to see why the
wmedta shonld appear thieker than normal. If 1t were a persistence of the fetal
pattern as Edwards (1950) has suggested, 1t is difficult ff’ see why L should
be sueh a striking feature of an acquired eondition ke mitral stenosis.

It seems to me that we are forced to postulate a condition of acquired I“‘\;‘
wanent contraction or arterial contraciure (Short, 1957) I ?\\ggest,.tlx?\igl
1 know of ne evidence as yet ta support 1t, that when artenesv repain i )”
state of tonie contractton for a certa'in length of time, their elastic {md 1:::;":

fibers gradually become shortened without wasting The artery remains cap
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I think what Dr Dexter has shown us 15 a complication of pulmonary hyper-
tension rather than a lesion that has caused pulmonary hypertension
Hearn I disagree strongly with Dr. Short as to the value of histological
examination of the lnng in cases of pulmonary hypertension and congenital
heart disease. I believe pathology has much to offer in this field and of course
one does not need to examine hundreds of sections, as he stated, to derive
mmformation about the effeets of hypertension on the pulmonary vasculature
One <ection from the pulmonary trunk and a section from each lobe of the
lungs enables one to say whether the pulmonary hypertension in any given
case is aequired or present from birth, and allows one to elassify the changes
1nto one of 6 grades, each of which has a preeise relation to pulmonary artery
blood pressure, fiow and resistance. One also can make some deduetions from
histologeal examination as to the reversibility of the pulmonary hy pertension
While I behieve Dr Short’s use of arteriography gives an over-all pieture and
demonstrates vaseular eonnections 1 the lungs, 1t cannet give the same pre-
cise detailed information to be ot d from histel 1 tion of the
lung
Let me use the example of Fallot’s tetralogy to show how patholegy enables
one to prediet what physiologieal conditions were present m hfe m the lung
When the aortic configuration of elastica 1s present in the pulmonary trunk in
this congental abmormality, one can say that pulmenary hypertension was
present from birth In these cases the muscular pulmonary arteries are thiek-
walled and the pulmonary arterioles have thick muscular walls These lus-
tologieal findings mdicate that such a case of Fallot's tetralogy was of the
“‘pink’” acyanotie type with a high pulmonary blood flow and pulmonary
hypertension
When the configuratton of elastic tissue m the pulmonary trunk 1s of the
chrome hypotensive type, the small muscular artertes are thin-walled and, like
the pulmonary vemns, econtain thrombr These pathological findings indieate
that this case of Fallot's tetralogy had a tight stenosts, with low pulmonary
blood flow and pressure In short, 1t was of the elassieal eyanotie type
An mntermediate form with normal pulmonary artery blood pressure and
flow 15 indicated by an adult pulmonary configuration of elastie tissue n the
pulmonary trunk, and normal muscular pulmonary arteries
T consider that few fields of pathology are so rewarding as this for there 15 a
Drecise relationship between the physiological and pathological data
Spaix Dr Short, I may have misunderstood but I thought 3 ou sa1d that you
used a pressure of 50 mg for normal lungs and 100 mg for the lungs with
pulmonary hypertension It seems to me that 1f you used a dufferent pressure
for mjecting this material, then the basis for a realistic comparison of the
degrees of vascular narrowing m abnormals and normals does not exist
Srort The pressures were arranged i such a way as to rule out the sort
of difference that we have been speaking about That 1 to say, the lungs which
showed the narrower arteries had been 1njected at a higher pressure
CouroE  Physiological measurements are usually measurements made on
the whole lung or on the whole pulmonary cireulation or on large areas of 1t
1 am not sure that the <ection of the lung representing one very small part
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DiscussioN

Epwanps- In atrial septal defect, a sy stematic study of the pulmonary ves
sels with serial seetions—and [ am of the opinion that a study of serial seetions
15 essential—results in the division of the cases of atrial septal defeet into two
rather clear-cut groups depending on whether or not there is elevation of
pulmonary pressure or pulmonary resistance, whichever term you prefer,

Among the cases we have studied (and they are not easy to eome by, at least,
from neeropsy mater.al) n which pulmonary prewsure was not elevated but
blood flow was mercased, the small arterioles at the periplery of the lungs
were characeterized by lumens of fairly wide ealiber As a rule no significant
Jeston 1s obsersed Some acellular fibrous thichening of the mmtima may be
present and 1f it 15 not extensive 1t may very well be an age change

A study of the cases 1n which pulmonary resistance is elevated shows many
sezments of vessels contamnmmyg focal lesions These lestons may be characterized
by acellular fibrous proliferation of the ntima whick oceludes the lumen

The intimal lesions commonly originate at the hegimnings of arterioles and
extend to the parcnt muscular artery

In many formations of this type the media of the parent artery will not
be hypertreplied, in others, the media 15 hypertrophied. What does all of this
mean? It 1v my opinion that the lugh flow associated with atrial septal defect
18 traumatie

This term is rather nonspecifie, but 1t ocenrs to me that high flow involv-
mg small sessels in the periphery of the lung, yvessels that have relatitely
Iittle support from surrounding tissue, eauses vibration; sueh vibrations, and
perhaps the turbulenee of the blood flowing through tlhose vessels, are irri-
tating to the lining and cause the linng to respond by development of pro-
Iiferative lesions f am of the opimon that this is the first thing that happens
Tins 16 the stage, T think, when nereased resistanee hegins

The medial by pertropliy that does appear eventually may he a response to
the elevated pressure that the mercased mntimal resistance has caused The
medial hypertropby may also be, 1 part, a response to peculiar transmisalons
of reflex pulse wayes mnto the vessel

In Dr Dexter’s photograph, there was a thrombus mn a large pulmonary
artery We recognize that such thmgs ean happen m atral septal defect, but
I think we have to recomuze that they do not represent the beginning of
pulmonary hypertension In atrial septal defect, when pulmonary hyperten-
ston 15 present, 2 compheation of the pulmonary hypertenston is disease
of the major pulmonary artertes, The disease of the major pulmonary arteries
is characterized by atherosclerosis of the large vessels, the elastic arteries
The pulmonary hypertension alone, or the atherosclerosis which results from
the pulmonary hypertension, coupled with the pulmonary hypertension. 15
responsble for formation of aneurysms m the large pulmonary arteries This
15 a complieation not of atrial septal defect but of pulmonary hy pertension
1t may complicate any type of pulmonary hypertension,



ressi monary Vascular Hypertension
Regression of Pulmonary Vascular Hypertensio

After Cure of Intracardiac Defects

By Howarp B. BurcrELL

N TIE BEGINNING, acknowledgment must be made to my many colleagues for

their work represented 1n this communieation, and in particular te the
surgeons—Dr Kirklin, Dr Ellis, and Dr. MeGoon—who carried out the cura-
tive surgery in the cases to be described The physiologie data have been made
available to me by Drs. Wood, Swan, and Shepherd; and the help of Drs.
Edwards, Heath, and Helmholz in correlating these data with the pathology
18 greatly appreciated

Pulmonary hypertension, as a mamfestation of pulmonary yvaseular obstrue-
tion, is rarely benign, and when 1t 15 progressive one may well have fore-
bedings concerning the patient’s future, There are oceasional exceptions to
the expected unfasorable clinieal course, in that some patients with eyanosis
related to a right-to-left shunt at either the ventricular or a great-vessel loca-
tion hold a plateaun of very adequate capacity over many years

The implication of the title 13 that the abnormalities in the pulmonary circu-
lation which result in pulmonary hypertension may regress after the basie
intracardiac defect 15 remedied, and for a symposium 1t seems fitting to present
one’s own material primarily I can mention the reinforcement of scattered
reports in current medical publications and also persomal commumications
which coineide with the observations made at the Mayo Clume; but even so,
1 must emphasize that data relating to this problem are mndeed scanty The
paucity of observations which are of sufficient duration te be useful 1s a
limtig factor in prediction of the regression of pulmonary hypertension
in surgieal patients

Probably the reasons underlying the himitations of postoperative studies
as compared to the number of patients operated upon are related to the fol-
lowing factors First, patients with the most advanced pulmonary vaseular
changes erther are not chosen for surgical treatment or do not survive the
surgieal correction of the defect long enough for the theoretically possible re-
gression to be observed Second, patients who are ehimeally cured, partieularly
children, are not readily subjected to postoperative cardiac catheterization;
and often restudies are deferred until more opportune times when the patient
will cheerfully undergo further investigative procedures Third, of the pa-
tients who are restudied there is biased selection Often those who appear to
have esther complete suecess or certain degrees of failure of the surgical pro-
cedure are chosen for study in order to settle key points in the physician’s
therapeutic rationale With such biased selection of patients for postoperative
study, the data gathered cannot render trustworthy typical valnes for the
total group

245
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of a lung or even two or three such parts can give information which can be
correlated with the physiological measurements made on the entire Jung.

I would make a plea for using more ways of getting at the whole pieture
in every patient. whole lung sections, pulmonary angiograms, injected speei-
mens plus removal of small bits of lung for mieroscopic examination,

DamMANN: Perhaps the major argument against there being a congenital
hyperplasia of the media as the explanation for the development of pulmo-
nary vascular disease is that one can produce pulmonary vascular disease in
the experimental ammal by the creation of a large systemie artery-pulmonary
artery anastomosis. This ean be done in 100 per cent of animals,



TIIE PULMONARY CIRCULATION IN CONGENITAL IILDART DISCASE 247

pulmonary vascular resistance as caleulated m the usual way. The patient
appeared well and had no complaints at the time of the postoperative study.

The third case (table 3) shows oxygen reducing pulinonary rewstanee
again, but 1014 months postoperatively a restudy did not indicate that the
resistance to flow in the lungs had decreased In the fourth case (table 4)
the hemodynamic studies made preoperatnely and 1 year postoperatively
indicate no proof of regression in pulmonary resistance It is particularly
teresting that when this patient exercised (pedalling n the supine position)
the pulmonary pressire inereased by a factor of 26 but the flow increased by
a factor of only 17

TABLL 1 —dtrial Septal Defect Witk Pulmonary Hypertension
Female Patient, 39 Years Old

Mean pressure,
Pulwonary dta

Systeme  Shunt, mm Hg
Breathing flow LR,
Rearstance, . .
T'ressure, Flow, oot mun R Right .
L dynes o Wedge
min Hg S Tl atna
Preoperative
Air 70726 140 230 33 7 7 8
Oxygen 62/23 240 120 35 &3 - 6
Postoperative {2 weeks)
A $5/22 10 600 10 0 1 8
* Percentage of pulmonary flow
TABLE 2 —.{trial Septal Defect With Pulnmonary Hypertenyiom
Female Patient, 46 Years Ol
Pl dat Shunts,
ulmona 2
onry 44 Systemi. per cent
Breathng Resistunce, flow,
Tressure, Flow, dynes 1 fmm RL* LRt
mm g L /min s
sec em
Preoperative
A 6/22 70 420 3y E¥3 1%
Oxygen 71/23 15 410 33 B3 33
Postoperative (433 months)

Aw 33/12 3T 430 37 0 0
Oxygen 34/16 39 4350 39 0 o

* Percentage of systemue flow
t Pereentage of pulmonary flow
18 =shght
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I assume general recognition that data pertaining to inereases in pulmonars
arterial pressure without paraliel data on blood flow are not meanmgful Let
us foeus our interest on the resistance offered to flow by the pulmonary vaseula-
ture, and on what proportion of this resistance may he related to organie
change, reversible or irreversible, and what proportion dynamse factors, spe-
eifieally vasomotion, may contribute

In the past decade when the surgeon made therapeutic excursions in the
field of congemtal heart disease and recorded his triumphs in the curative
closure of the patent duetus and atral septal defect, pulmonary hypertension
was only oecasionally a problem Indeed, m many eases with very high pulmo-
nary flow and slightly elevated pulmonary arterial pressure the caleulated
resistances m the pulmonary vaseulature were lower than normal. With the
adviance of the surgeon into the field of correction of ventricular septal defeet,
however, the problem of evalnating the significance of severe pulmonary hyper-
tension has become an almost everyday problem, and the proper assessment
of the state of the pulmonary vaseulature is the central theme of disenssions
relating to operability and cure

The possinlities of regression of pulmonary vascular elanges which, in
assoeiation with congenital intracardiac shunt, produee pulmonary hyperten-
s1on can be presented best through «elected cases Eacl case may be regarded
as a beachhead upon the formudable problem, where previously assaults of
research have met with limited suceess and often failure

To ndicate trends of the postoperative chianges i the pulmonary eircula-
tion, T have chosen five eases of atrial septal defect, two of patent ductus, and
two of ventricular septal defeet From these examples one can make the defi-
nite suggestion that the most opportune times for restuds of patients nwho
have had operations to remedy cardiac defects with associated pulmonary
liypertension are carly i the postoperative period and some years thereafter

ATriaL SerTAL DEreer WiTir Priyosary HYrErTENSION

It 15 of interest that in the early postoperative period following closure
of an atrial septal defeet the ealculated pulmonary resistance may not decline,
but actually merease In table 1 may be seen a decrease in pulmonary pressure
and in pulmonary flow, but the caleulated pulmonary resistance is consider-
ably higher This ease and others that Dr Swan of our group has studied
suggest the possibility that in some mstances the pulmonary vasculature
‘‘gives’” or hlates 1n response to high pressure The enlarged lumimna would
offer less resistance to flow, and contersely, with lowering of pressure the
lumina would narrow. Such observations made in a number of cases will be
the topic of a more extensise separate report In the case here considered
(table 1), the change 1n ealeulated resistance eould not be attributed to any
increase in left atrial pressure, as the wedge pressure showed no change In
addition one may note that with the breathing of 100 per cent oxygen the
resistance decreased, and this phenomenon was repeated n the
other cases to be represented in succeeding tables

In the second case (table 2), again it may be seen that the'shunt way 'curvd
; but the passage of 4% months brought no Jefinite change in the

pulmonary

by surgery
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Again in the fifth case (tnble 5) 1t i3 evident that postoperatisely the pul-
nomary vascular resistance did not significantly change In this patient, 2 man
10 years of ape, the pulmonary flow seems to follow mean pressure within &
ertain range, in that wath exercise the mean pulmonary pressure inereased
% & factor of 16 and the mean flow by » factor of 15

Parext Drerus Arreriosts Wit PrnxoNary HyrerTeNstoN
Two cases have heen chosen to illustrate the change in pulmonary hemo-
Yynamics after closure of a patent ductus arteriosus which had allowed left-
jo-vight shunt despite assoersted pulmonary hypertension
In the first ease (fable B) pulmonary vasewlar rewistance appears to have

Taptr 6—Patent Ductus drieriosus fih Putmonary Hypertension
Female Patieal, 2s Years OM

Puimonary data

Beesthing Rewstance, Hhunt,
and state Pressure, Flow, dynes see om " LR,
mm iy L frn, pereent *
Total Arterslar
TPreoperative

Atr during

Rest 83/52 103 480 380 60

Exercise 119/60 18 - —~ 10
Oxsgen 35735 18 10 1585 ~—

Postoperatine (T months)
A af rest %/14 &5 190 18 o

* Percentage of pulmonary flow,

decreased . T months after operation the calculated resistance was within nor-
mal range 1 the presence of high cardine (\u\p\\l. 1t <hould be noted, howewr
that the postoperatne value for pul ¥ t 15 Approxi v the
same a3 was obtamed when the patient was brbaﬂunv 100 per cent oxygen
oY o eperatian

The longest postaperative follow-np i our chimie m a ease of severe pulmo-
rary hypertension assoeiated with patent ductus arteriosus 15 that on a man
whose duetus was elosed 1n 1930 when he was 21 years of age (table 7) Preop-
eratnvely the pressures in the aorta and pulmonary artery were equal, the left.
to-right shunt was only moderate, and the caleulated pulmonary resistanee was
very high At that time the patient was markedly 1ncapacitated and bad been
recently m heart falure. Ten months postoperatively, st which time be was
feelmg reasonably well and working full-time, he continued to have pulmonary
hypertension and a rather low cardiae outpat, and the calenlated vascular resist.
unee remained lugh, despite reduction Seven and a half years after his operation
there appeared to be still the same limit on cardiac output and almost the same
high pul vascular resi Notwi ding these conditions, the pa-
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TABLE 3.—Atral Septal Defect With Pulmonary Hypertension:
Female Patlent, {7 Years 014

Shuots,
Pulmonary data Systemie data per cent
Dreathing oo e Flow, llc:;szircv, Flow, Rc;x;,(‘.':cc, .
R o /mm, i !
mm.1 ¥ L /m“‘ see.em,”S L/m"‘ see, em 3
Preoperative
Air 100/37 5.7 810 35 119/57 13 45
Oxygen 90/30 85 530 30 118/58 0 68
Postoperative (1014 months)
Arr 50/27 4.1 630 11 119/49 ¢ 0
* Percentage of syaterme flow.
1 Pereentage of pulmonary flow.
TABLF 4 —Atrial Septal Defect With Pulmonary Hypertension.
Female Patient, 49 Fears Old
N Shunts,
Pulmonary data §3steme data per cent Oxgen
Teansts — uptake,
and state Preswre, Flow, ~CU30C pure,  Flow,

ynes RL* LRi e/mm

mmHg L /mm. Mi om-s mmHg  L/mm

Preoperatrie
Air 102/31 55 800 150/80 44 18 29 :90
Oxygen 89/25 9.2 390 140/75 41 0 54 2n
Postoperative (1 year)
Arr dunng
Rest 32/14 1.0 400 164/79 3.7 0 0 198
Brercise  77/39 6.8 610 247/116 2 4 0 70

* Percentage of systemic flow,
+ Percentage of pulmonary flow

TABLE 5 —dtral Septal Defect With Pulmanary Hypertension
Male Patient, 40 Years Old

Pulmonary dita

and state Pressure, Flow, Reaustance,
mm Hg L /min dynestee em
Preoperative
Air 65/20 63 560
Tostoperative (11 months)
Air during
Rest 33/18 15 436

Esercse 51727 6.7 448
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ation by histolome study of pulmonury vaseulature made available at operation
to repair ventricular septal defeet <hould be gmiven close serutiny by this
conference Tt is my opinion that there 15 fair correlation between the extent
of morphalegie changes and the severity of the pulmonary hemodynamie fault
However, among the group of cases of *‘horderline operability’” i which sur-
gical treatment would be desirnble beeause of progressing vaseular disease, 1t
15 unlikely that one could use a pulmonary binpsy to gain a final answer that
would remain unchallenged.

Of particular interest are thie data of one patient who died some months
after operation from a cause unrelated to the intracardiac repair At the
time the defeet was closed the pulmonary artery pressure dropped to normal
levels, and the immedinte postoperatnve condition was good At neeropsy the
closure of the defect was found to be complete The pulmonary vaseular
changes noted presented a forladding appearance if regarded as the measure
in sefection. No regression n a vasenlar ehange eould be reeogmzed as having
veeurred in the few months following the operation

Two cases of this category demonstrate marked improiement i the pulmo-
nary pressure and suggestive change toward normal 1 the pulmonary vaseular
resistance

In the child (table 8) 1t 15 apparent that the postoperatiie pulmonary err-
rulation 15 adequate despite a ealenlated resistance of 680 (dynes se¢ em %),

wlueh is to be eompared with the preoperatne value of 1245 This cluld is
clinseally well,

TABLE B,—Fentricular Septal Defect With Pulmonary Hypertension
Female Patient, 6 Years OUl at Operation

Tulmonary data Systemic data Shunts,
per cent
b 7
Premure, Flow, ““"“:""“"' Proware  Flow, Tt
mm Hg Ljmm, " e Lo/mn . d

sce em per cent B

Preoperatine (16 months) §
109/74 54 1230 122/67 — 02 8 ¢ 1y

Postoperative {17 months) 1
3314 23 830 113/87 23 97 o o

* Percentagre of systemic flow

# Poreentage of pulmonary flow

4 Brething mar at reat

§ 5= amalt ' '
TL=lirge (from dye curves)

In the other panent (table 9) the pulmonary pressure was moderately
reduced when measured 8 months after operation, and the pulmonary vascular
vesistance was reasonably low It should be emphasized that this patient had
had & defect estimated as 3 by 3 em 1n extent, and a huge left-to-mght shunt,
Preoperatinely Ler systemie pressure had been low when taken at frequent
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TasLe T —Putent Huctus Arteriosus {'ith Pulmonary Hypertension:
Male Patient, 21 Years Old at Operation}
Surface Area 174 aq. M.

Pulmonary data Systenue data shunts,
per cent
Oxygen
res. . Restance, - uptrke,
aare, I!-hm, dynes Pressure, Flow,  pye ppy  ec/mm
mm Hg LU L 1, /min
Preoperative ¢
100/70 45 1390 100/70 30 ] 3% 253
Postoperatise (10 months)
56/20 31 800 120/73 31 0 0 268
Postoperative (714 years)$
AR/20 31 730 105/72 31 o 0 217

* Percentage of systemie flow
{ Percentage of pulmonary flow
 Breathing mir at rest

§ & = shght

tient had been able to work without sigmficant difficulty, being troubled only
with mld exertional dyspnea and fatigability Tt 1s believed that this patient may
have associated mitral valvular meompetence, but the only evidence of 1t 15
the presence of an apieal systolic murmur

VENTRICULAR SEPTAL DEFECT WiTit PULMONARY H YPERTENSION

In cases of ventrieular septal defeet, the pulmonary arterml pressure, par-
ticularly the diastolic level, usually 1s found to be somewhat lower at operation
than that recorded on preoperative eardiac catheterization Tlus is of spectal
interest because often the left atrial pressure is markedly increased at the
beginnmng of the operation before the correction rtself v imtrated, and 18
gher than one would have anticipated from the preoperative wedge determi-
nagions If the case has been cliosen properly for operation, the pulmonary
arterial pressure following correction of the defect and restitution of the eir-
culation through the heart is lower than before the closure of the defect
This is expected and 1s of good omen Mowever, it is doubtful whether the
immediate effect of the repair on the pulmonary pressure can be projected
with any assurance to indicate the ultrmate regression 1 pressure If operative
data are to be vahd the defect must indeed be closed and the cardiae output
must be adequate Assurance of these two conditions 1s supported by obtain-
ment of normal dye-dilation eurves If the pulmonary pressure does not drop
with repair of the defect one fears that the patient will 130t sursive many
days; but usually with the present method of selection 11{(1iV1duBls who would
respond thus can be excluded preoperatively, as they typieally do not have an
nereased pulmonary flon and a left-to-right shunt then.

The possibility of predicting the pulmonary blood pressure response to oper-
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tients with pulmonary vaseular changes related to intracardiac defects. no
progression of the vascular changes following complete repair of the intra.
eardiae defect hns heen observed to date Evidence 1n this particular field also
i inadequate 89 vet, but ot least the climeian may take hope when no ohvicus
yrogression of the pulmonary vaseular changes 13 found, even though it is
known or suspected that pulmonary hypertension has persisted following the
intracardiac repair,

Discussion

Counxann: 1 should like to ask Dr. Burchell whether le has attempted, n
these patients, to estahlish a relation with age 1 suspeet that in the young age
group, the pressure wonld tend to deervase as they grow up, whereas in the
older age gronp such a tendency should not be observed

Burcniery, 1 do not have these data and I cannot answer the question.
T suspect that the answer nonld be the opposite of what T thought it would be
two or three years ago, when 1 thought that the younger age group might
show more regression, but arguing from a few nstances, it appears that this
concept w11l not be universally true

Woon: Therr have bern two interesting pomts brought out this afterncon.
The first one was glessed over and I would hke to ask of either Dr Dammaun
or Dr Dexter has the explanation

They both sard that the defect did not function during the first few months
of life, but did not say why I wonder why 1t deesn't, and what proof have
you got that it doesn’t? Do you know the explanation? Has it not to do
with the relatively slow msolution of the right ventricle!

The other pomnt of great mtersst 1 Dr Short’s second pomt, that there nag
a difference in the position of the vascular lewions n mitral and primary
pulmonary hypertension on the one hand, and in the Eisenmenger group
on the other, i the former I think the termial muscular arteries or even
arterioles were ehefly mvolied, whereas in the eongemtal group it was the
larger arteries Ts that rght?

Then, supposing you e a drog thay worked n one of them and not in
the other Would 1t determune, i your view, the site of action of the drug?
For example, suppose you gave & vasodilator 1o primary pulmonary hyper-
tension and 1t always worked, and suppose you gave the same vasodilator
ta Exennenger’s complex and it never worked, Would you asswme that the
drug acted on the arterioles and not on the museular arteries!

Dextor I was quoting your statement of last mght, Dr Wood, to the effect
that thers was no shunt at birth,

T know of no documented proot of it, but a diagnosis is never made in the
early months of hfe There 18 no murmur The might ventricle 1s hypertrophied
and 14 as thick a3 the left ventricle Therefore, there would be no opportunity,
1 should think, for shunting But to answer your question, I don’t know of
any proof Iam sure Dr Dammann does, honever!

Danrtaxx: T do not have any specific information as to the size of the
shunt right after birth 1 would expect that there is a small shunt present
very shortly after birth, because of the difference in filling pressure between
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TABLE 9.—Fentricular Septal Defect With Pulmonary Hypertension.
Female Patient, 34 Years Old

Shunts,

Pulmonary data Systemic data Satura
stat per cent on
e R ’
Pressure,  Flow, “;‘;:::“" Presurs, Flow, oo artedl
mmHg L /mn sce emos  MmTg  Lo/min B oxygen, %
Preoperative
Resting ~ 54/18 — - 84/64 — 8§ LS L1
Exereising — — — — — —_ 88
At Operation
Before
repair  66/07" — —_ 80/35 - —_ - -
After
repur  45/237 — — 85/348 — - — —
Postoperative (8 months)
Resting 36/21 56 430 103/64 56 0 0 07

* Percentage of systemic flow
t Percentage of pulmonary flow

§ Cathetenzation elsewhere, full data not avartable,
§8 = small.

L =1large.

¥ = night ventnicle

* = aorta

elinical observations, and a question is raised whether there may be an abso-
lute threshold of blood pressure abose which development of pulmonary
vascular change is accelerated,

COMMENT

The response of the pulmonary vascular bed to the breathing of 100 per
cent oxygen gites useful information regarding the eapabilities of pulmonary
vascular circulation in the presence of severe pulmonary hypertenston Prob-
ably the change of resistance with oxygen breathing gives valuable clues as to
the operative result that may be obtained. Possibly it may indreate also what
regression will oceur 1n the pulmonary vascular obstruction

That assay of the pulmonary vasculature by the morphologist in the pres-
ence of moderate mereases of pulmonary vascular resistance will accurately
predict hemeodynamic regression is doubtful One would expect quantitative
correlation and possibly a qualitative correlation n respect to regression, the
latter referring to whether primarily medial or intimal change predominates

Seleeted case studies indicate that when severe pulmonary vascular obstrue-
tion is demonstrated by high ealeulations of resistance (or high pressure/flow
ratios) the return to normal should not be expected In pulmonary hype}‘ten-
sion associated with ventricular septal defect or with patent ductus :':rtermsus
the promise of regression may be greater in young pagients, but this hope 18
based on clinical impressions, available exact data being inadequate In pa-



VI THE PULMONARY CIRCULATION IN
ACQUIRED HEAR'T DISEASE
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The Oreurrence and Significance of

Increased Pulmonary Vascular Resistance

By LEwss Dexter

PL‘L\ms.\mi VASCULAR DISEASE 1mplies fin obstruetion to blood flow through
some part of the pulmonary vasenlature What role the bronchial anasto-
motie eirculation plays T do not know and therefore will not refer further toat.
The abstruetion may be 1n the mamn trunk of the pulmonary artery, its larger
branches or sts finer radicles. There may be an unportant obstruction at the
level of the capillaries themselves as a result of a varety of diveases Little
mention has been made at this conference of the lustology of the capillaries or
of their hstolomeal appearance That there can be great changes 1n capillary
morphology, however, ix well attested by the thickened ahveolar-capillary
membrane in mitral stenosts Lattle 15 known of resstance offered by the
venules 1 disease processes and practieally no mention has been made of these
important structures i this conference Kuida et al® have recently demon-
strated venular obstruction as & result of the admmistration of histanune and
of E coli endotoxin. Pulmonary senous obstruetion 15 apparently rare Dr
Edvwards ? s referred to one case of congenttal stenosis of these vessels and
I have seen one case of narrowmg of all the pul 3y vems by a gr \!
tous lesion, the syndrome resembling that of matral stenosis except for the
ahsence of a murmur aud of an enlarged left atrium

Current methods allow for the localization of the resistance m the pulme-
ndry vaseulature by measurement of pressure differences 1 different parts
of the errenit, i e, pulmonary artery, pulmonary “capilary” wedge (which
current evidence appears to indieate 1s the pressure 1n the pulmounary capil-
lary bed stvelf 1) and left atrium Under most circumstances, left atrial and
pulmonary *“eapillary”” wedge pressures are exsentially wlentreal

One or more of the following mechamsms for reduction of the erosssectsonal
area of the pulmonary vascular bed may be operating i the development
of increased pulmonary vasenlar rewistance.

1. Destruction of the pulmonary parenchyma
2 Plugging of the vewels

233
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the right and left ventricle due to the relative size of the tricuspid and mitral
valves and the shape of the inflow tract of the ventricles The shunt, then,
inereases, because of thmning and dilatation of the right ventricle and hecause
of relative thickening of the left ventricle,

Snort Dr Evans and I showed that in mitral stenosis a sort of siltmg-up
process oceupned the arterioles and the smallest muscular arterzes up to about
02 mm in diameter In congenital heart disease and in primary pulmenary
hypertension the silting-up extends to the larger branches, up to 08 mm or
even 20 mm.,

I'rom the point of view of drug action, I have felt that in mitral stenosis
there is a greater length of vessel for the vasodilator to work on, and this
might explam any difference in effectivencss
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The idiopathic form of pulmonary vasewlar disease, so-called primary pulmo.
nary hypertension, is rare and as its name implieq, the etiology 1s unknown
Its manifestations can be precisely simulated by reeurrent pulmonary em-
bolism, and 1 my own experience it should be considered as such during
hfel A finite diagnosis neeescitates autopsy confirmation The group of con.
penital heart diseases, of which atrial septal defect, ventricular septal defect
and patent duetus arteriosus are the common and salient examples, there being
others, were disenssed yesterday in some detail Finally, lesions of the left side
of the heart, partieularly mitral stenosis and left ventricular failure from
any cause, are elaracterized by an elevation of the left atrial, pulmonary ve-
nons and pulmonary eapillary pressures and also by an exaggerated elevation
of the pulmonary arterial pressure. Whether there 13 reflex constriction of the
pulmonary arterioles as a result of elevation of pulmonary eapillary or pulmo-
nary venons pressure, or whether the progressive pulmonary vascular disease
is initiated] by the coneomitant elevation of the pulmonary artery pressure
is not known Dr Donald 7 will, I believe, go 1nto this problem i detail.

1 would now like to say a few words about the methodology in measuring
resistance, Resistance 1s usually ealeulated as follows:

P“l:;‘;:;‘;‘;_y __ Pulmonary Artery Mean Pressure—Left Atrial Mean Pressure
Reststance - Cardiac Output

The shorteomings of this caleulation have been emphasized 1 this conference
On the other hand, the importance of measuring both pressure and flow and
equating the two needs emphiasis The ealenlation is vahid The only diffculty
is 1ts interpretation.

There is a tremendous pulmonary vaseular reserve The work of Gibbon,
Hopkinson and Churchill ® many years ago indicated that 1t was necessary to
reduce the eross-sectional area of the pulmonary artery about two-thirds before
any change 1n pressure or flow could be deteeted at rest or, in other words,
before there was any change n caleulated pul y vascular r
Stated in another way, the finding of an nereased pulmonary vascular resist-
ance indicates an enormous reduetion in the eross-sectional area of the pulmo-
nary vaseulature Dr Soderholm ® has referred to the effect of unilateral pul-
monary vascular obstruetion in man, and the following two figures illustrate
the effect 1n dogs!® As will be scen in figure 1, there was little change
cardiac output. The right ventrieular systolic pressure rose only slightly for
a short period of time, systemic blood pressure was reduced insinificantly,
the calculated pulmonary blood volume (cardiac output times mean transit
time) was reduced on the average only 6 per cent (well within the error
of the method), albeit about 50 per cent of the pulmonary vaseulature had
been occluded Indicator-dilution curves obtaned before and after unilateral
pulmonary arterial oeclusion are illustrated in figure 2 Thus, sudden wm-
lateral puimonary arterial ocelusion results in dilatation of the vessels of the
unoceluded lung so that pressure, flow, and therefore caleulated pulmonary
vaseular resistance remain essentially unchanged

So far m this conference, littie has been said about the pressure-volume
characteristics of the lung, ie, how much blood must be added to the lung
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3. Organic narrowing of the vessels
4. Vasoconstriction

Pulmonary vascular disease may be classified in a variety of ways. The
following, modified from Spain and Handler? and MeMichael* and others,
represents one way of grouping the various lesions which predispose to pulmo-
nary vascular disease:

Classification of Pulmonary Vascular Discase

1. Aeute
a) Pulmonary embolisma
2. Subacute
a) Mihary earcinomatosis
1) Hematogenous dissemination
2) Lymphatie dissermnation
3 Chrome
a) Diffuse pulmonary parenchymal disease
1) Emphysema
2. Obstruetne
Asthma
Chrome infection, ete
b Nonob«ruetne
Sentle
Kyphoseohios, ete.
2) Pulmonary fibrosis and granulomatosis
a. Tuberculons
b Pneumonocomo«s (silieosrs, ete.)
¢. Idiopathic (Hamman’s disease)
b) Diffuse polmonary svascular disease
1) Recurrent pulmonary embohism
2) Thrombosis of pulmonary artery
3) Sichle cell anemia
4) Sehistosormasis
5) Artentis
a Thromboangutis oblhiterans
b. Lupus erythematosus dissemmata
¢ Polyarteritis nodona
6) Idiopathie
¢} Congenital heart dicease
1) Atnial septal defect
2) Ventrieular septal defect
3) Patent duetus mrteriosus
) Lesions of the left side of the heart
1) Mitral stenosrs
2) Left ventricular failure

Acute pulmonary embolism consists not only of mechanical plugging of the
pulmonary vaseular tree, but also there appears to be, from the work of
Price et al 5 a far more important factor of iasoconstriction In the group
of patients with diffuse pulmonary parenchymal disease, the most important
prineiple 18 that they be diffuse and that large portions of the parenchyma
be destroyed. These lesions are readily recognized by x-ray. In the diffuse pul-

nary vascular diseases, again it is important t.hat the vascular alterations
mod'ﬁ' e X-rays show no lesions to be present in the lung, the only abnor-
l;:ah;yl;)sein:; prominence of the pulmonary artery and of the hilar vasculature.
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Gites and all temporally eguidistant poants, 1o, as wswally performed between
pultnonary artery wnd brachial artery, thus meluding the feft side of the heart
and large arteries in addition to the puhnonary blood solume itself If the
normal volume between these points is about a hter and the error 15 to 20
per cent, it ean be seen that a shift of 150 1o 200 ce. of blood ean oceur 1 and
out of the pulmonary ecireuit before detection Tlus 13 8 large volume of blood,
the effeets of which on the pressure-flow refationshups withm the lung would
theoretically be considerable The only method wineh is currently more sensi.
tive is to suspend the patient on a delieate balance to deteet headward or
footward shyfts of bload.

Finally, a powerful vasodilator is needed for evaluating the téle of vaco-
constriction in the pulmonary vasculature Dr Fowier 1 has covered the pres-
ent status of this subyect. Perhaps priseoline s sueh a drug but I am not sure
acety[choline would appear to be a mild vasodilator

In summary, (1) in pnlmonary yaseular disease 3t s 1sportant to Jocalize
the area of high resistance in the pulmonary vasenlature, and eurrent methods
suffice; (2} it 15 difficult to recogmze puimonary vascular disease by current
methods nutil 1t 1 advanced, beeause of the large pulmonars vascular reserve,
(3) the importanee of a redistribution of blood mto and out of the lung
altermg pressure-flow relations and therefore calenlated resstance has been
emphasized; (4) the need of a powerful pul vavodil for a 4

the role of pulmonary vasneonstriction 15 apparent

REFERE:

CES

Kuwa, I, Hivsuaw, L B, Giuserr, R P oand Viscomer, M B Gram negatne endo
toxu and pulnonary erenlation Am J I'hysiol, 192 333 344, 1958

Eowawns, T E . Anatomy of the pulmonary vasenlar tree and post natal ehanges Ths
Conference, pm Resmon, Thursday, Mar, 20, 3038,

SPAIN, D M, and 1IaxpLeEr, B 3 Chromc cor pulmonale Sixty cases studied at necropay.
Arch. Int Med 77 37,1046

MeMiexagr, J . Henrt fatlure of pulmonary orign Edinburglh Mced J §5 63, 1948

Price, K, €, fata, D and daitn, 3 R, Putmonary yasamotion resufting from miliary
embolism of the fungs Am J Physiol 142 183, 19755

Koy, B, Dasons, G, J, Tlavnes, B W, Ravaport, B and Dexter, L Primary pul-
monary hypertension, Am J Med. 234166, 1957

« DovaLp, K W . Pulmonary vaseular remstance m mitral stenosis and msufferency. This

Conterence, am Bession, Raturday, Mar 22, 1958

o

@

»

-

-

R CGisov,J I, JR, Hopnivson, M and Crvremste, £ D Changes 1 the ewrculation pro-
Auced by graduai occlusion of the pulmonary artery § Chn Investigation 17:543, 1932

4 SiiprrioLs, B The pulmonary blond flow i pulmonary tuberculosis and the effect of
uniliteral occlusion of the pulmonary srtery This Conference, am Sesman, Friday,
March 21, 1978

10 Kuios, i, Novack, P, Rapuvor, E, Havxes, P W, and Drerrr, L The effect of acute
unifsteral pulmonary artery oeclusion on the pulmonary blood solume i dogs (To be
published.)

1 m;a:&m 8. J ¢ Pulmonary edema, Tlis Conference, nm Sewnion, Saturdiy, March 22,

.
12

Fowrer, N + Pharmacologieal studies on pulmoniry hypertension This Canferenve, am
Sesmon, Frday, March 21, 1958



95
258 PULMONARY CIRCULATION

1409
120%
100%
80%
so% co MTT Pav RViss Ameas
30 -
Curve 1 x

co(Lsimm) 37 37
¥ NTTGec) 32 46

1o — \ PeVim) 320 2950

OYE DENSITY

| wrr \\ 7
PRV LN L T T |
z 4 8 e o6 1z 4
TIME (3econas)

Fio 1-—(top) Hemodynami changes following wmlateral pulmonary arterial ocelusion
Cmlateral pulmonary artenal ecclusion in a closed chest dog was produced by 4 balloon on
the end of n eatheter Note the mmor sarittions m the various circulatory parameters
measured. The cardite output (C0) and right sentrieular systohe (RV.,.) and aortie mean
(Amess) pressures did not (hange importantly, the mean tranut time (MTT) shortened, and
the calculated pulmonary Llood solume (PBV) between pulmonary artery and femoral artery
remained essentially unchanged

¥ie. 2 —(bottom) Indicator dilution eurves hefore (I) and after (IT) unilateral pulmonary
artersal occlusion Note that the only impartant change was a reduction m the mean transit
time (MTT), the eardine output (CO) remaiming unchanged and the calewlzted pulmoniry
Dlood velume (PBV) remammmg well within the experimental error of the method

to effect a change in pressure-flow relations and therefore of calculated re-
sistanee. I have no data to present on this mmportant parameter, but 1t has
generally been neglected, partieularly in pharmacologic studies of the human
pulmonary vaseular response to drugs, wherein redistribution of blood from
lungs to periphery or periphery to Inngs may have an mmportant effect upon
the apparent calculation of resistance (vide tnfra, Sarnoff 1') Unfortunately,
the indicator-dilution method for this measurement has an error of 15 m“ZO
per cent 1n measuring the volume of blood between injection and sampling
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nary embolism itself, sut repetitive thromh bol massive throm.
bosis complieating other disease affecting the paimonary circulation such as
atrial septal defect, and chronie multiple repetitive peripherai thrombosis
complicating pulmanary hypertension from otlier causes. the firt two exam-
ples illustrate pure obstructive pulmonary hypertension; the second two are
polygente.

Qbliterative pulmonary hypertension may ocenr chuefly at the level of the
capillaries, arterioles, or museular arteries Capillary obliteration may, T am
told, accompany emphysema and interstital fibrows, ““endarteritis fibrosa,””
causing great thickening of the mtima, appears to be the chief cause of ocelu.
sion of the arterioles and museular arterses This group mecludes all forms
of cor pulmonale in which the resistance is permanently high, schistosomrasis,
disseminated lupus, perinrteritis and perhaps primary pulmonary hyperten-
sion; 3t also complicates all other forms of pulmenary hypertension of suffi-
cient dutation just as organic vascular disease complicates essential hyperten-
sion in the systemie eireulation

Vasoconstrictive pulmonary hyperfension oecurs n response to acute alveolar
hyposia, a3 first demonstrated hy Ialjestrand (1918). Tt certainly plays an
important role when acute respiratory infections or bronchospasms complicate
chronie cor pulmonale. It probably plays an equally important role in neonatal
asphyxia, when it may well prevent the rapid decline 1n pulmonary vascular
resistance that should take place after birth,

The most fundamental problem eoncermng the pulmonary cireutation, how-
ever, 13 whether pulmonary vasoconstriction oceurs in all other forms of pul-
monary hypertension, howeter jmtiated, and if so whether 1t represents
a response to the varions agents that have been shown to cause or encourage
pulmonary hypertension, or whether it represents a fundamental reaction to
a raised tension within the pnlmonary arteries themselves (efastic arteries,
museular arteries or arterioles) This problem will be taken up later,

Polygenic pulmonary hypertension 15 best illustrated by cor pulmonale,
when hyperkinetic, obhterative, and hyposie \asoconstrictive factors may all
operate together The Fisenmenger group frequently shows both abliterative
and obstructive (thrombotic) lesions n association with a strong potential
hyperkinetic factor. But almost any form of pulmonary hypertension may
Become polygenic, particularly 1f it 15 shown that vasoconstriction results from
pulmonary hypertension 1tself

ConcrusioN

The imitial eanse of ¢hronie pulmonary hypertension n any particular case
3 usually clear Primary pulmonary hypertension alone 1s obseure. Once in-
Btiated, pulmonary hypertention 15 mamntained by the ongmal cause (if 3t
Persists, as 1t usually does), and aggravated, possibly by reactive \asoconstrie.
tion, and certainly by organic occlusive changes in the pulmonary vaseniature
Evidence will be given later which suggests that tlie agent imtiating pulmo-
nary hypertension 15 rarely powerful enongh to eause suffieiently high pres.
sure to bring about organie occlusive vaseular disease, and tuat the necessary
accelerating factor is provided by reactine pulmonary vasoconstriction
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CHAIRMAN'S REMARKS

Cuammyay Woon: Dr. Dexter started with a classifieation, so I would like to
discuss that first I have been a httle disturbed during the conference with
certain terms which do not mean the same to me as they do to the person
using them, It always helps 1f we can find the right words to expresy exactly
what we are talking about; otherwise there 1s apt to be needless misunder-
standing For some years now at the Institute of Cardiology we have adopted
the following classification, which may serve as well as another as a basis from
which to arrive at the best nomenclature, and I offer it 1n that spirit

TasLe 1.—Clasuification of Pulmonary Hypertension

Type Defimtion
Pasaive Elevated pulmonary venous pressure
Hyy 1 pulmonary blood flow
Olstructive Pulmonary embolism or thromhosts
Oblsterative Reduction of pulmonary vaseular capacity
Vasoconstrictive Functional vasoconstrictive reaction
Poly geme Arsing i more than one of the above ways

Passive pulmonary hypertension may be caused by left ventricular farlure,
mutral stenoss, mitral incompetence, myxoma of the left atrium, cor triatria-
tum, and multiple pulmonary venous thromboss; also to some extent by
constrietive pericarditis and tense pericardial effusion.

Hyperhinetic pulmonary hypertension can only oecur 1f the pulmonary
vascular resistance fails to drop 1n response to inereased flow

‘With a resistance of 05 units (40 dynes sec /em ?), for example, a pulmo-
nary blood flow of 30 liters per minute would not rase the mean pulmonary
blood pressure above 20 mm Hg with a left atrial pressure of 5 mm Hg Hyper-
kinetie pulmonary hypertension therefore imphes at least a high normal
resistance of approximately 2 units; a 30 liter flow would then cause a pressure
in the region of 80/40 mm Hg

Hyperkinetic pulmonary hypertension may oceur in patent ductus, aorto-
pulmonary septal defect, ventricular septal defect, perforated ventricular
septum, atrial septal defect, perforation of the aortic sinus into the pulmo-
nary artery, right ventricle or right atrium, and partial anomalous pulmonary
venous drainage; associated with central eyanosis it may oceur in transpost
tion of the great vessels, persistent truncus, single ventricle, single atrrum,
and total anomalous pulmonary venous drainage directly or indirectly mto
the right atrium In acquired hyperkinetie eirculatory states, such as thyro-
toxicosis, anaemia, beri-beri, Paget’s disease of bone and arteriovenous fistula,
the pulmonary blood flow is rarely large enough to cause pulmonary h}'l’_e"‘
tension; but when the eardiac output is increased in cor pu.lmonsle, in]gh
pressures may be attamed because the pulmonary vascular resistance 1s a st?
raised, This, however, may be more properly regarded as polygenic pulmonary
hypertension

Obstruchive pulmonary hy s
embolism or thrombosis. The most umportant examples include massive

pertension may result from massive or multiple
pulmo-



The Effect of Experimentally Induced
Hypervolemia on the Cardiae Funetion in
Normal Individuals and Patients with
Acquired Heart Discase

By Lans Werko

Tm: CARDIAC OUTPU'T mm patients with nutral stenosts may be low even af no
signs of myocardial farlure can be demoustrated Tius 13 espeerafiy the cave
3f atrial fibrillation 1 present. In some of these patients phy~ieal esercise may
merease the ontput, usually with inereasing pulmonary hypertension, but in
others the ability to increase the entput during exereise 15 compromised In
an attempt to study more elosely the factors regulating the eardiac output 1n
mitral stenosis the effect of acutely indueed hypervolemia was investigated
For comparison sumilar studies were performed in normal mdimiduals and
patients with arterial hypertension

The results obtaied when an isotame ~olution of dextran was imnfused rap-
idly have allowed an analys:s of the relationship between right heart filling
pressures and eardiae output or right ventricular work The present report
covery the results ohtamer regarding eartiae performance i 20 normal indi-
viduals and in 25 patients with leart disease, 15 of whom had mitral «tenosis

Twenty normal volunteers, whio were either members of the police force,
medical students or nurses, were studied None of them had any story of
tenal ar heart disease, nor did physieal examination reveal any signs of such
They were all studied on an ambulatory basis, resting for about an hour before
and after the study.

The patients consisted of seven with arterial hypertension, three with aortie
valvular disease and 15 with mitral stenosis The majorty was only moderately
himited by their heart disease and was elassified functionally m group I or 11
according to the eriteria of the American Heart Assoctation Two patients
had more symptoms and were classified in group 111 One patient had atmal
fibrillation, all the otliers sinus rhy thm

AN studses swere performed 1n the morning with the subject recumbent and
M 2 postabsorptive state The pulmonary artery was catheterized and an
ndwelling needle placed in the braciual artery In about 50 per cent of the
studies a double lumen catheter was used Cardiac outpnt was determined
aceording to the direct Fick principle and blood pressures recorded with a
strain gange manometer Dload samples for hemoglobm determimation were ob-

—
The work weacrsbed wn thee paper has been carried out by a team constating of B Thomas
#on, Truman G, Schnabel, Jr, Harold Ehasch and Edvardor Tarnauskas
263
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Discussion

Epwarps: Dr Wood, you said the vasoconstrictive ty pe of pulmonary hyper-
tension speaks for itself I wonder 1f you would speak for it, too

CHAIRMAN Woop T was diseussing a title, What I meant was that vaso-
constrictive hypertenston 1 due to vasoconstriction That is what I meant by it
speaking for jtself

I don’t mean [ knew that (a) it occurred or, (b) how it oceurred, or any-
thing about it I will be glad to discuss 1t 1n greater detail later on

Dawes Yesterday and the day before, various speakers implied that the
pressure-flon curye of the lungs 1 nonlinear at high rates of flow Do you know
of any evidence m human perfused lungs to substantiate this hypotliess, m
conditsons in which the effects of the nersous system are exeluded t

Dexter No, I don’t have any reason to think that there 15 any  As a matter
of fact. the evidence mdieates that the pressmie-flow relationship m the lung
is mot linear, that 1t is a curve, whereas the resistance formula (pressure differ-
ence divided by flow) is mathematically a linear expression In making the
calculation of resistance, one assumes lincarity but linearity exists only on one
small part of the curve and I don’t know where it 15 m the indivrdual case

In trymng to translate pressure-flow information into resistance, great diffi-
culty 15 encountered when the changes are small With large changes, one 15
on firnier ground

Dawes May I put a supplementary question?®

In mutral stenowis left atral pressure rises Now in the middle of the
pressure-flow curve all phystologists agree that m the 1solated perfused lungs
of ammals the pressure-flon relationslup is hnear Consequently one might
expect that, 4t an intermediate rate of blood flow, a small rise of left atrial
pressure would lead to an exactly equal rise in pulmonary arterial pressure
Yet in matral stenosis a rise of left atrial pressure, you say, precedes and leads
to gross pulmonary hypertension How does this come about?

The pomt that I wanted to establish 15 that you thmk there 15 an unknown
factor which causes a rise of pulmonary arterial pressure out of all proportion
to that whieh was expected

DEXTER It seems to me that there are a couple of things here which have to
be brought in

First of all, 1t 15 quite true that when the pulmonary venous pressure rises,
the pulmonary arterial pressure rises proportionally so that the difference
between the two remains essentrally the same

Tn the chromie state of affairs, a change occurs wheremn the pulmonary
arterial pressure rises to high values, far beyond that occasioned by the rise
of pulmonary senous pressure directly s to why this oceurs, I don’t thistlk
that the answer 15 entirely known Even under these circum?mncea of raised
pulmenary vascular resgstmlce, there 1s no }wartlclllar chm}ge in the calculated
resistance during exercise—sometinies it rises and sometimes 1t falls, but on

the average, the resistance remains unchanged
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mean pressure and pulmonary artersal mean pressure but with constant ear-
diae output,

When afl the normal subjects are taken into consideration, an inerease of
blood volvme of 20 to 35 per cent corresponded to an merease of right atrial
mean pressure of 2 to 12 mm g and pulmonary arterial mean pressure of
3 1o 15 mm Hg. With the greatest expanaon in blood solume cardiae and
stroke output were inerensed 31 per cent and 20 per eent respectively In seven
subjeets, howeser, inereases of right heart filling pressure of 4 te 12 mmHg
were aswoeiated with changes in eardiae output of less than 15 per cent

When the right hieart filling pressure was plotted against stroke volume,
cardiac output or right ventricular work a tariable relation was obtaned
In some cases the output inerensed with inereasing expansion of plasma vol-
ume and inereasing atrial pressure, in others the blood flow was constant
When right ventricular stroke work was plotted agminat filhing pressure the
same variable relation conld be demonstrated (fig. 2) It 15 1mportant to stress
that no change in oxygen eonsmmphion, heart rate or braclial artenal pressure
oceurred throughont the study

B
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Fig 2~Relation between the right beart illing pressure and tight ventriculur stroke work
w normal ndisidpote
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tained periodieally from the arterial necdle. The percentage decrease in hemo-
globin was used an an indication of the inerease in blood volume.

Basal values were obtained when the subject had rested for about half an
hour after the catheter had been placed m the pulmonary artery. In most
eases two basal determinations of the cardiac output were done, one to two
minutes apart Immediately after this, G per cent Dextran solution was given
by a motor driven syringe, constantly injecting about 25 ml /min., through
a small polyvinyl catheter into a cubital vein To the normals Dextran was
given for about 60 minutes. The patients received the infusion for 30 to 50
min The infusion was interrupted when the pulmonary arterial pressure rose
rapidly.

Determinations of eardiae output using the Fick prinetple and blood pres-
sures were made repeatedly during the infusion and in some cases afterwards

Results
A typical study 1n a normal individual is shown 1n figure 1 With the infu-
sion the blood volume inereases progressively, with increases in right atrial

«mmHg ' ' Case 926
Dextran
e Infusion !
BA syst
120 \ /
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Fig 1 —The effect of Dextran infusion on several physiological functions the normal
1g 1
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crease in right heart filing pressnre and the percentage change in cardiac
and stroke output or the change in right ventricular stroke work

Inereasing the blood volume rapdly 1n normal volunteers or 1n patients with
arterial hypertension, mitral valvular disease or aortic valvular disease thus
eauses a rapid inerease m right atrial and pulmonary arterial blood pressure
and a variable increase in cardiac output The absence of correlation between
changes 1 might heart filing pressures and changes n cardiac output or
right veutrieular work indieate that changes in fillmg pressures of the right
heart do not regulate the cardiae output m the intact human being

In this study we have tried to eorrelate the right atrial pressure as repre-
senting the right heart filling pressure to the right ventrienfar work or cardiac
output This was done because it is 1mpossible to determine the diastolie vol-
ume of the ventricle in the intact human being and because several workers
have transformed the original Starling Law of the heart to a relation between
filling pressure, instead of diastolie volume, and ventricular output and work
Tn open chest dogs Sarnoff and Berglund and co-workers have eonstructed
modified Starling curves with rather large changes n ventricular work for
small changes in filling pressures In studies in patients, decreasing filling pres-
sure—with orthostatic changes, or during pressure hreathing or acute blood
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Fig 3 —The effect of Dextran infuston 1n a pattent with hy pertension

Similar results were obtamed n the patients with heart disease A repre-
sentative study n a patient with arterial hypertension is shown m figure 3
The right heart pressures increase umiformly without change m cardiac out-
put or brachial arterial pressure In the patients with mitral valvular disease
the pressure i the pulmonary artery mereased more rapidly and more mark-
edly than in the normals for the same merease i plasma volume and right
atrial pressure (fig 4) This 15 presumably Que to tlie changes in the pulmo-
nary vascular bed known to occur in these patients

In the patients the same variable relation was found as in the normals be-
tween right heart fillmng pressure and eardhac output, stroke volume or right
ventricular work The cardiae output mereased sometimes but not always with
the expansion of plasma volume In some patients a marked increase of right
ventricular work occurred, in others the right ventricular work was almost
constant. These patients who were all well compensated and with only slight
symptoms, thus reacted almost exactly as the normals

While the data for the entire study support a conclusion that a iise
stroke and cardiae output ocenrs with mereasing right heart filing pressures

no umform way of relating these variables was found Statistieal treatment
showed that no significant relation existed between the magnitude of the in-
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erease in right heart filling pressure and the percentage change n cardiae
and stroke output or the change m right ventricular stroke work

Increasing the blood volume rapidly 1n normal volunteers or in patients with
arterial hypertension, mitral valvular disease or aortic valvular disease thus
causes a rapid inerease i right atrial and pulmonary arterial blood pressure
and a variable increase in cardiac output The absence of correlation between
changes 1n right heart filing pressures and changes 1n cardac output or
right ventrieular work indicate that changes 1 fithng pressures of the right
heart do not regulate the cardiac output in the intact human bemng

In this study we have tried to correlate the right atrial pressure as repre-
senting the right heart filling pressure to the right ventrieular work or eardiac
output This was done beeause 1t is impossible to determme the diastolic vol-
ume of the ventricle in the intact human bemg and beeause several workers
have transformed the origimal Starhing Law of the heart to a relation between
Blling pressure, mstead of diastohe volume, and ventrieular output and work
In open chest dogs Sarnoft and Berglund and co-workers have constructed
modified Starling curves with rather large changes m ventricular work for
small changes 1n filing pressures In studies m patients, decreasing filling pres-
Swre—svith orthostatie changes, or during pressure breathing or acute blood
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loss—has been followed by deereasing output. From this it has been concludet
that the filling pressure of a ventricle may play & role m regulating carda
output However, recent work 1n the intact dog with inereasing blood volum
and filling pressures led to the same result as in the present study, that th
mereased c¢ardiae output durimg such an experiment was related to othe
factors than the atrial pressure (Fowler, French and Bloom). Similar result
have also been obtamed by Fleming and Bloom in patients without cardio
vaseular disease

Besides increasing blood volume and elevating right heart filling pressure
an infusion of Dextran causes other physiologic ehanges, whieh in thermselves
may play some role m the regulation of eardiac output Increased eardiac
output found m dogs during dextran infusion was shown to be the result of 2
marked anemia In the present study the anemia was never of a magnitude
comparable to that in those ammal studies The hemoglobin concentration was
never below 10 Gm per 100 ml. blood In patients with ehronic anemia similar
hemoglobin values never gave an increase n total blood flow.

Durmg the mnfusion of Dextran the renal blood flow usually inereased mark-
edly, sometimes to twice the starting valne This eould not be due solely to the
nerease 1n cardiae output, but the increase m eardiac output conld be due to a
peripheral vasoditatation following the expansion of blood volume not only
the renal vascular bed but througheut the body. This hypothests is supported
by the fact that there was a statistreally significant, albeit small, correlation
between the inerease 1 blood volume and nerease in cardiac output or mght
ventrienlar work

The present study indicates that changes of right heart filling pressures
seldom regulate right ventricular work or cardiac output, In a series of 13
patients With mitral stenosis where one catheter was placed n the right atnum
and one n the pulmonary artery the reaction to 15 mmutes of exerctse was
studied with almost continuous recording of pressures The relation between
right ventricular work and filling pressure in these patients 1s shown in
figure 5 They are divided in two groups those n groups I-11 of the NY
Heart Association and those in groups III-IV, the latter in failure or close
to1t

The graph shows that during exereise right ventnicular work inereased (as
did the eardiac output) without change 1n filling pressure in the former group
In the latter group, on the contrary, right atrial pressure nereased with
increasing, unaltered or decreasing cardiac work When all data are taken
into consideration, a eurve similar to the Starling curve of Sarnoff and
Berglund might be constructed Sumilar results have been obtained regarding
the left ventricle in patients with arteral hypertension by our group and
by Donald and co-workers . .

This indicates that only when the patient is close to failure the filling pres-

s when there is a demand for mnereased blood flow In the mtaet

rease:
sure 1nc: ¢ fac-

normal individual er in patients with heart disease not in failure othe
tors, notably nervous or humoral, are of greater importance for the regulation
s

of eardiac performance than right heart filling pressures
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Discussiox

Sanxorr This 15 of some interest to me and I appreciate having the oppor-
tumty to diseuss tlus paper I think 1t 1 important to emphasize that on no
oceasion have erther my colleagues or I, to the best of my knowledge, ever
imphed that filling pressure controls cardiac output or, 1n point of fact, that
this has a determunant role n such control What we have attemyited to do %
simply to claracterize the performance of the ventricle 1 response to changes
in its filling pressure

Control of cardiae output, I am convineed, emanates from places ifferent
from the filling pressure of the heart. It has to do with the metabalic rcqmrf‘-
ments of the organism On the other hand, this performance characteristic
of the heart, namely it> response to changes m filling pressure, 15 one of the

jmportant and responsive means exploited by the orgamsm in the control of

eardiace ontput. . . 1d
There 13 ane piece of information, lacking at the present time, which would

make it possible to make a plausible mnterpretation of much of the data shown
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by Dr. Werkd; that is, the displacement of the ventricular function curve from
Yeft to right, that is from an elevated to a less elevated curve as » result of the
duminished activity of the cardiac sympathietie nerves and a consequent de-
creased hiberation of myocardial norepinephrine during the period of induced
hypervolemia Wiile this has not been experimentally demonstrated, such a
ph would be ¢ t with what we now think ne know about the
contral of cardiac output. Direct expertmental observations about the effect
of dircet cardiac sympathetic nerve activity on the ventrieular function curve
are, L believe, important to obtain and we plan to attempt this shortly

1 should hike firmly to resist the notion that the heart 1s operating on a
so-called ventrieular function curve only when it v fallmg It 1 simply,
I behieve, that it may at such times no longer be as susceptible to influ-
ences which make 1t skip from one curve to another and thus data which
fit a convinemg curve are more readily obtamnable without an espeeially
thorough examination of the many operating pavameters Further, 1t is but
necessary ta ask yourself a single guestion, originally ponted out to me by
Dr. Carleton Chapman In what other manner can we explamn the self evident
fact that from minute to minute, weck to week and year to year, the ratio of
pulmonary to total blood velume is constramned within such relatnely narrow
himuitst Were 1t not for the confinuing operation of Starling’s law the output
of one ventricle would soon be dissaciated from the output of the other and
the Tungs would soon he either almost dry or undated (see E Berglund
Ventrienlar function VI. Balance of left and mght ventrienlar output: re-
fation between left and right atral prewsures Am J Physiol 178:381,
1954) Are we to believe that there are separate neuronal or humoral path-
ways for the individual control of each ventricle prompting them to keep
pace <o elegantly with each othier! No evidence 15 at hand nor, to the best of
my knowledge, has anyone had the temerits to sugzest that the organism con-
duets its affairs in suel a complieated and eumbersome manner

Mr. Chairman, 1 think the resolution, or at least partial resolution of this
matter is the differmy manner 1 which different imvestigators approach 1t
1f one demands, as was umformly the case i yesteryear, that there be only
ane eurve deseribing the relationship between filling pressure (or even fiber
length) and stroke w ark, then snch a person should serap the whele affair: 1t
Will never be of any use to him 1f, however, **Starhng’s Law of the Heart"
now be made to include the numerous families of eurves deseribing this rela-
tionslup, one can, 1 believe, extract a substantially angmented understanding
of the heart's compensatory range precisely because studymng those mechan-
isms, such as reflex effects on the heart, may well yield information as to which
influences will shift the heart from one function eurve to another,

WErKO: 1 know you are very fond of the ventricular function curve, and
T also know you can explamn almost everytling by using a family of curves
which shift direction according to other influences I didn’t imply that you
have said that the Tight atrial filling pressure regulated the cardiac output,
but some of your eo-workers and many other people have said 1t

You did however say that the different output of the rght and left heart
was due to the filling pressure of the right and left heart, shown by Berglund
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DiscussioN

Sarsorr This is of some interest to me and 1 appreciate having the oppor-
tumity to diseuss this paper I think 1t 15 1mportant to emphasize that on no
occasion have either my colleagues or I, to the best of my knowledge, ever
1mphed that filling pressure eontrols cardiae ontput or, m pomt of fact, that
this has a determimant role in such control What we have attempted to do 15
simply to characterize the performance of the ventriele m response to changes
in its filling pressure

Control of cardiae output, I am convinced, emanates from places different
from the fillmg pressure of the heart It has to do with the metabohe require-
ments of the organism On the other hand, this performance characterrstic
of the heart, namely it> response to changes m fillmg pressure, is one of the

important and responsive means exploited by the organism in the control of

cardiac output. 5 .
There is one piece of information, lacking at the present time, which would

make it possible to make a plansible mterpretation of much of the data shown



Some Physiologic Considerations in the

Genesis of Acute Pulmonary Edema

Ry Staxiey J. Savorr

HEN OUR DISTINGUIHLD CHARMAN, Dr Paul Wood, anited me to parties-
prte n this symposium and speak on hypettensive pulmonary edema I
responded with enthusiaun In addition to 4 durable interest m the subjeet,
this Imtation provided me with the stunudus to reconseder the positzon which
my colteagues and 1 had assuwmed a few years ago at the end of a period of
agrrewsie expersmental effort and abo 10 attempt to smtegrate mto that posi-
tion the results of & varety of expersmental experiences aequired since that
tme.

This brief presentation will treat with {1} the role of the heart nself. (2) the
rote of the perspheral vascular bed 1n the geness of lung odemn, and (3} an
attempt 1o mdieate whaeh portrons of the peripheral vaseular bed are imolhed
and m what manner 1115 well to stress at the very outset that whereas ehanges
m arteriolar dntensbihity serve primandy & resistance function, changes m
“enowy pressares olyme relationships serve primanty 2 solume function Later
on { will touch Lnwefly on the problem of the absence of lung edema w the
presenee of left atrial pressures whieh are elesated to a level substantially
above that of the oncotie pressure of the Blood

In 1978 Weleh * fathered what is enrrently referred to as the Weleh hypoth.
esi, nawely, that acute hypertensne fung edonia 1s attributable to an mereased
resistance 1o the epection of blood from the Ieft ventricle snd the consequent
acenmulation of bload 1 the luny Meute lung edema 1 the rabnt was readily
obseried after oeclusion or stenows of the asrta This kypothess 1 otill heldd
by many jwople adeguately to aveownt, by tself. for the hypertensne tang
edema symdrome In the same year, 1478, Waller * made smmlar t3pes of abser-
vations but 1n addition drew wizmificant deductions sbout the transfer of blood
from the systemie to the pufmonary cirqust ?

My own smterest m tns area was triggered i 2942, while still a medical
student. during observations on an elderly hypertencse gentleman who was
m peimonary edema but was nevertheless bang prepared for the Emergeney
remaval of a badly strangunlated werotal herma The patrent’s eventual reess-
ery was quite natarally, attributed by the surgeon to the operative pracedure
1 had httle doubt foweser. that this patient’s Jung edema had afl but
completely resolved, as evidenced by susenltatory signs and s tolerance for
the homzontal posttion i a very few minutes after the admumstration of the
spura) anesthesin and well before the begmuing of the surgiesl aters ention
The wext year mwy good frend. Dr Hollen W Fare, & fellow nterne at
Bellesus Hospatal and 1 admunistered spinal anesthean to four patients in

273
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That implies that the right keart’s filling pressure regulates output, doesn’t
it?

SarxorF: No Not in the slightest. What 1t does imply is that when the blood
tends to maldistribute between the pulmonary and the systemic circulation,
the result 15 a larger elevation of pressure in that cireulation tending to receive
the larger volume of blood At such a time, the eontinuing operation of
Starling’s Iaw (on that point on that curve which obtains at that time) is the
only known mechamsm for regaming the proper distribution of blood volumes
between lung and periphery Can you suggest any other?

Karz A separate symy should be pl 1 to diseuss the laws that
regulate the performance of the heart.

T wonld like to direet a question to Dr Werko in relation to the pulmonary
cireulation What 1s the cause of the pulmonary pressure rise that you found
when you gave these infusions?

Werkd The only explanation for the pressure rise that I can give is the
inerease m blood volume m the pulmonary vascular bed, because during this
infusion you increase the total blood volume, and if it is distributed between
the pulmonary and total eireulation, whicl is reasonable, there must be an
increase in the pulmonary blood volume That 1s the only explanation I have
for the increased pressure

Suepnerp Is Dr Werko prepared to commit himself as to whether he thinks
the dextran mfusion eauses constriction of the pulmonary vessels in patients
with mitral stenoss?

Werkv No

CourNanD, Should the viscosity of the solution injected be considered as a
possible factor in these results?

Werko The viscosty of the solution which is infused is slightly less than
that of the plasma, and as you get hemodilution, the viscosity could not -
crease m the blood

Dexter May I ask a question? There was a rise of pressures in the pulmo-
nary ewrewit as well as in the peripheral cirewit; there was an inerease 1n
calculated pulmonary vascular resistance, at least the pressure went up more
than the flow Fluid had been added to both cireuits Did you measure the
pulmonary blood volume, and what effect do you think a change pulmo-
nary blood volume would have on the ealculation of pulmonary vascular

resistance ?
WErkOo We haven’t measured the blood volume It was eomplieated enough

as it was
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therapy, if any, has net as yet been adequately mvestigated in other chimcal
types of lung edema.

3. Siner, in these experiments, the arterial pressure was elevated and, where
observable, the arterial tree appeared growsly enlarged, it scemed highly un.
bkely that the arterial hed contribnied to the observed acute incremse in
pulmonary Blood velume when this cceurred after vasomotor eenter stimula.
tion Potentinl changes in arteviolar volume were not thought to be sufficient
to even nearly account for the changes By wferential exclusion, therefore,
1t was suspeeted that neuronally induced ehanges 1 systemic venous distensy-
bility © plaved a major role m the observed augmentation of pulmonary blood
volume That 1v to say, by thesr indueed reluctance, as it were, to contam as
much blood 2z they previoncly did ot any given pressure, the systemie vesns
oblized the teore passtie pulmonary bed to accept a further complement of
blood This view recerved suppert from the observations that a controlled,
modest infusion (30 mi /Ke of sahine 1n one nunute) m the dog will narmally
produce onfy a shightly observable rise ws left atral pressure whereas the
same interrention will cause a marhed elesation of this pressure after pertph-
eral vasoeonstrietson had been wdueed ?

In the last analysts, however, my colleagnes and 1 were not entirely com-
fortable ahout resting upon mferentsal exclusion as a satisfactory bawis for
understanding what we belteved to be an vmportant aspeet of the pulmonary
edema syndrome and 1 will return to a deseription of more recent exper
ments on changes in venous tope which, albeit of a preliminary nnture, may
shed additional Jight on thas problem It 1= however, necessary to introduce
here a brief digression n the form of treating with the problem of what
rele the heart plays m all thas

It would be umwise, to put 1t mildly, for me to den)y that an incregsed resist-
ance to left ventrienlar efection witl, by increasing the stroke work of that
ehamber, be accompanied by an elesation of the effective left tentrienlar
filling pressure provided, of course, that meurchumoral wfluences bave not
ddueed a skap from the function curve on which the ventrele was ongmatly
operating In fact. my eolleagues and 1 have spent the last five yerrs in under.
seoring and to mterpret the sigmif of preessely this type of
relationship 1 1 Quc!: an merease in filling pressare 1s obviousiy also felt hy
the pulmonary aseular bed with which the left rentricle 15 in direct con-
tiunty during dastole and s therefore pertment to our subjeet The plot
between the reutricle’s filing pressure and s stroke work 1s termed a
modified Starhing or ventrienlar function eurve as seen n figure 1, a figure
I show here with the kind permission of Dr Manon Cotten from whose
article with Stopp ' 1t has been reproduced It was purposely <elected for
presentation befare thss group beeause. m addition to showing the general
shape of the left ventricular funetion curve 3t also contams mformation our
awn work did net wnelude, namely the mereased work that will be dore from
any gnen filing pressure under the nfin of the glycosudes, w this -
stance ouabain Tf, a3 was apparently the case from serutimizing the datg

* Used here 15 the phyaologieal and not 1 the atrietly physeal sense
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acute lung edema (but not in need of surgery) and were pleased to obeerve
that they tao benefited from this procedure,! Seven years later, Mrs, Samoff
and I had the very great pleasure and the good fortune to join with Dr, Brik
Berglund in a collaborative experimental attempt to understand what role,
1f any, the autononue nervous system might play in the lung edema syndrome

It was observed, as had been deseribed 10 detail by Cameron and De®
that diffuse chemical stimulation of the vasomotor center consistently pro-
duced hypettension aud lethal lung edema mn the rabbit, We could not agree
with these authors, however, that the edema was attributable to a neuronally
altered pulmonary capillary permeability wimee, when we measured left atrial
pressures, these were found to he strtkingly elevated Happily, the dog alwn
yrelded a simitar response {although not as consistently) and thus made pos-
sible a somewhat more refined hemody namic analysis than had heen possible
m the rabbt.*7% Experuments were done in which vena caval, pulmonary
artertal, left atrial and fortic pressures were measured, and eardiae ontput
contmuonsly recorded along with changes in pulmonary blood volume, the
latter bemg recorded by contmmually weighing the lungs during the course
of the expersment '7% From these data, av well as from subseguent wolated
perfused ling experiments,® it was possible to derive the general contour of
pressure-volume relationships m the pnlmonary vaseular bed The upward
convextty of this eurve *? when pressute  plotted on the vertieal axis 1s of
primary mportance for the understanding of why only stight «ystemc vessel
chlation ean aceomphsh great reductions i pulmonary capullary pressures
when the latter are 1itially elevated

The net sum of our posttion at the end aof these experiments uwas the
following,

1 Stimlation of the vasomotor eonter (to whiel, it shondd be pmphasized,
the cerebral cortex has access) promptly produces systemic artertal aud yenous
hypertension, tachyeardia, an inereased peripheral vaseular resistance and.
of primary importance, markedly elevated pulmouary arterral and \'rnm'm
pressures consequent to an augmented pulmenary blood volume which, in
turn, is due to a substantial yedistrabution of blood from the peripheral vessels
ta the pulmonary vasewlar bed

2 Theee changes are not dependent, or at least not primarily dependent
npon nervous mmpulses to the lung sinee thex are also observed after com-
plete pulmonary denervation

3 The observed changes are readily reversthle by means of ganghom
blockade It is of particular mterest from the clinteal as well as the theoretical
point of view that & striking decrease of all pulmonary aseular prfwsl}rﬂ
can be accomplished with only a modest degree of peripheral \'mc(hlflhm\
inoafar ax this 15 mdicated by a change m artersal pressure This, as indicated
abmve, becomes uuderstandable when related to the pressure-yolume enrve of

v vaseular bed,
mi‘p;i:;:;;:bamtory observattons have direct x'mvhcnh)lm‘ to the elinieal
hypertensive pulmenary edema syndrome 1 as m;])wated by the pr}nmp;iﬂ:;:;
peutie response of such patients to gangliotte blockade The salue
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therapy, 1f any, has not as yet been adequately nvestigated n other elmical
types of lung edema.

5. Since, in these experiments, the arterial pressure was elevated and, where
observable, the arterial tree appeared grossly enlarged, it seemed highly un-
hkely that the arterial bed contributed to the obseried acute inerease in
pulmonary blood volume when this ocenrred after vasoniotor center stimula-
tion Potential changes in arteriolar volume were not thought to be sufficient
ta even nearly account for the changes By mnferential exelusion, therefore,
1t was suspeeted that neuronally induced changes i systenue venous distensi-
hility * played a major role in tlie observed augmentation of pulmonary blood
volume, That is to say, by their induced reluetance, as 1t were, to contamn as
much blood as they previously (bd at any miven pressure, the systemie vens
oblized the more passive pulmonary bed to accept a further eomplement of
bload This view received support from the observations that a controlled,
modest infusion (10 ml /Kg of saline m one mimute) mn the dog will normally
produce only a slightly observable rise m left atrial pressure whereas the
same 1ntervention will cause a marked elevation of this pressure after periph-
eral vasoconstrietion had been induced

In the last analysis, however, my eolleagnes and I were not entirely com-
fortable about resting upon inferential exelusion as a satisfactory basws for
understanding what we believed to be an important aspeet of the pulmonary
edema syndrome and I will return to a description of more recent experi-
ments on changes in venous tone which, albeit of 2 preluminary nature, may
shed additional ight on this problem It 15, however, necessary to introduee
here a brief digression m the form of treating with the problem of what
role the heart plays n all this

Tt would be unwise, to put 1t mildlv, for me to deny that an mereased resist-
ance to left ventricular ejection will, by mereasing the stroke work of that
chamber, be accompanied by an elevation of the effective left ventricular
filling pressure provided, of eourse, that neurchumoral influences have not
indueed a <kip from the function eurve on wiich the ventricle was orgmally
operating. In fact, my colleagues and I have spent the last five years in under-
seoring and attempting to interpret the signifieance of precisely this type of
relationship 1 13 Such an merease 1n filling pressure 15 obviously also felt hy
the pPulmonary vaseular bed with which the left ventricle 15 1 direct con-
tinmty during Qiastole and 1s therefore pertment to our subject The plot
between the ventriele’s filling pressure and 1ty stroke work 15 termed a
modified Starling or ventricular funetion curve as seen i figure 1, a figure
1 show here with the kind permussion of Dr Marion Cotten from whose
article wath Stopp 16 1t has been reproduced It was purposely selected for
presentation before this group becanse, 1 addition to showing the general
shape of the left ventricular function eurve, 1t also contams mformation our
own work did not inelude, namely, the increased work that will be done from
any given filling pressure under the influence of the glyeosides, mn this n-
stance, ouabain If, as was apparently the case from scrutinizing the data

¥ Used here 1n the physiological and not in the strietly physieal sense
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Fio 1 —Ventricular funetian curies obtamed before and after 005 mg /Kg of ouabun
showing the increased contractility of the ventricular muacle produced by the diug The ah
sence of heart farture 1s apparent from the high stroke work values obtamed before admims
tration of oudlun in a 13 7 Kg dog (After Cotten, M deV nnd Stopp, P.E  Am J Phyaal
182 114,1958)

of these authors, the glycoside treated heart was imtially free of any of the
stigmata of tailure, I beheve these data deserve widespread attention since
they may constitute a sigmficant step in 1esolving the dilemma surrounding
the problem of glycostde action on the nonfarling heart However, to return to
the theme, my colleagues and I subseribe to the belief that the experimental
demonstration of a famuly or related series of such ventricular function eurves
may extend by a certam amount the leverage one can apply to the under-
sta;xding of various eirculatory phenomena In tlus instance, it may be helpful
to re-emphasize the fact that the failing ventricle exhubits a performance
which is most readily charactertzed by the experimental ebservations showing
(1) that ats funetion curye 3s shifted to the right, especially in the upper
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aseendmg and trunstion portion of the e¢urve, (2) that its peak or plateau
is depressed, aud (3} that it may exlubit a descendung tHmb. The indnetion (by
means of preferential cawpromne of the left coronsry avtery} of wnidateral
teft ventricular failuge 1% leases little doubt that such phenomena ean occur
Now, if the Ieft ventricle 1« to mamtain 2 normal or even subunarmal stroke
volume and produce 8 novmal v wear narmal aortie presaure aud, if becanwe
of the presence of farlure stn Tunetint eurie 1 shufted @5 desertbed above, it
follows that the required brdsastatie e pressure will either approach or
exered the blood’s oncotic pressute depending upon the extent to which falare
hay superyened and its funetion vanve has been shifted The unplicationy foy
palmonary capBlars pressure changes andd therefore for the subjeet at hamd
appear self evident

The mmediatedy previons paramaphs dealt with the Ffunction of the left
ventriele which, for our present purpeses, mught more properfy be termed
the musenlar pamp which provides for the egress of blood from the lungs It
5 necewsary 1o panse only long enoagh m the night seminele to acknowledge
that it » the musenlar pump wioch provides for the mflow of blood mto the
Iungs and to remark that the same eonsiderations whieh relate 1o the per-
formanve charactersstics ot the left ventricle alwo apply to it Pawsmg m g
retingrade manner back through the might ventriete to the vems, ne ate then
m a pesition to close the arcle For an the Iast instance, the mght ventricle, ay
1he teft, v a ridthrmealhy contracting but anknowing bit of musele which, o
normal or refatinely wo, ehevrfally passes along that blood which comes to 1t
11 varies, nnder ¥ and troch i nfly . only i the filkmg
pressure which 1t reguires 10 1o any ginven job How mueh comes to 1t from
the vemns wilt depend not onfy npon the rate of entry of blood mto the vems,
but abso, and to an umportant extent upon how much the veins are *“walling'*
t0 tontam at any given presvere, that 15 to say. the state of thewr tone or
physiologie dtensibahty

The closing of the encle, frequently deswrable when studymg the cireulation,
now regoires the remtroduction of one addutional Wit of prior miormatien ¢
This o shown i figure 2 It demionstrates that when a complete mterruption
of aortie flow with a clamp was done for a penod of 39 seconds, aortie root
pressure rose and left ateial pressure rose 46 mm Hg {fig 2A) Prewure in
the earotid mmnses distal to the seeluvion was, of course. tow After the b
tion of refles «xtpathetw actiiaty by meaps of ganghome blockade with
Arxfonad, the same mtervention resulted m an el ation of left atral pressure
of ondy 7mm Hy (g 2B) Since the tesstamee to loft sentricnlar ejpetion was
miposed by the elamp m both wstanees 3t seems reasonable to attribute the
altered respanse af lett atrial p after 1 blockade to »
ather than 4 change wt the resistance to left rentrievlar egm:tmno ;:;“;:h‘;;:
mferential exclusion, sympathetic méuence an venous tone appeared to b‘e
mportant Frzures 2B, C and D show the stepwise tecover of the mytial Taft
atsial pressure response a5 the gangliome blockade woe off

The dea for & teelisgue which has ghen te to the possibitlity of attackung
the problem of recording veuous tone shnpliy enough o assoaiate this meas-
urement Wath other multiple measurements appavenths first arose m the minds
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Fia, 2 —Pressure tracimgs (mm IIg) from left atmam (L.A ) and root of aorta (A) 1
the dog Vagua uerses cut Aortie root occlusion at the heginning of each signal and relense
atthe end A, B, C, D, and E are six nunutes apart Two nninutes after each aortie ocelnsion,
05 ber cent of dog’s weight of 1sotonic saline was given Arfonad {Ro 2 22223, 003 mg.
per kilogram, gnen mtravenously two mmutes prior t0 B Time signal = 1 second  (After
Sarnoff, 8 J and Karnoff, L € ; Cireulation 6 31, 1

of Drs Connolly and Wood 7 of the Mayo Clinie. They construeted a balloon
small enough to be mserted 1nto a peripheral vemn n the hope that a change
in the force of the vem's vontraction would reveal itself as a change m the
balloon’s mtraiuminal pressure Their efforts were, as I understand it, unhap-
pily not completely successful Iowever, Salzman and Leverett 1% then
developed a thicker-watled and much less distensible miero-balloon wath wlch
they did appear to obtain encouraging results The latter mvestigators gen-
erously made some of these balloons avslable to our laboratory
With our use of this technique the balloon 1s ntroduced into a peripheral
leg vein in the dog through a distal venotomy and distended with water under
that head of pressure whieh will tust appose 1t to the vein wall Proper position
and filling is signaled by the appropriate response of 1ts intralummal pressute
with a sympathetic stimulus suel as balateral common carotid artery occlusion
Local venous pressure, that 1s, the pressure m the vemn at a point just cardad
to the balloon, is alse recorded Figure 3 shows the 1esponses to bilateral
common carotid arters oeclusion m such a prepatation The change in the
venous balloon pressure paralleling the tise of arterial pressure with little
change 1n local senous pressure has as its most plausible explanation. as
indicated by Salzman 1 that an inerease m yvenous as well as arteriolar tone
oecurred during the period of carotid sinus hypotension Attention 1s drawn
to the overshoot or downward rebound after 1elease of the carotid arteries
since tlus phenomenon will appear 1n the next shdes Figure 4, recorded at a
somewhat higher speed shows the previonsly deseribed experiment of '(ot.\l
aortic occlusion but with venous tone recording added Prior to ganglionie
blockade (at the left) the marked elevation of Ieft attial pressure during
uottic ocelusion was accompanied by eividence of met eased venous tone, that
js, deereased venous distensibility After gavug]muu-‘h]ockade, \\-lxe.n \cnoclmflv
striction was not apparent durmg the aortie ceclusion, the elevation of left
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«e text) and femoral arters urdaced tn Ltliterd common wrohd artery cedusion duning
0 «ccond period shown 13 signal at the bottem 30 mi of Dextran infused ar the mirow
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[¥igure 3 pubhshed bn pumisnon flom Saruof et al. Gridwd reductian of asterit pres-
wuee 1 man by means of 4 tiophamum deritatie (Ro 2 22223 Cirenltion 6 53, 1052 )

atrtal pressure was substantially dmunished Smutlar results sere obtamed
with the adrenergic blockmyg agent, ddenzyline Nome pundit has defined
wisdom as that apimion which reflerts one's oug previous 1iens I sometimes
fee} the same way about brophysical instrumentatton In this instance, the
results obtamed with the micro-batloon <o clomely comerde with my own prior
prequadiwees that ¥ oam sery nearly mdueed to believe that the mformation
tecorded with o ovabd I g omore wenous vemn, however, it wonld be a
diwserace to pau to omst remarking that eertam precautions must be taken
m the use of thes promastag taol and that all the required precautions nre
nat, as yet, clearls anderstood

Bueh resenations notwithstanding. I novertheless belteve that such data
wteaduces the posstbabity of extending the anterpretation of previousty obe
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Fia, 4 —Left Changes m presfure in venous microbalfeon, pulmenary artery (P A},
left atrum (LA ), root of aorta and femoral artery (F.A ) during perniod of avrtie root
occlusion shown In sigual at the bottom Right Same but after ginglionse blockade with
004 mg./Kg of Arfonad (Ro 2 2222) intravenously. Time signal = 1 second

(Bottom half of Figuie 4 published by permission from Sarnoff, § J. and Sarnoff, L C.
Neurohemody namis of pulmonary edema II The role of sympathetie pathways in the
clesation of pulntonary and systemic vascular pressures following the intracisternal injection
of fibrin Cireulation ¢ 51, 1952.)

served phenomena one step beyond the stage of inferential excluston. It
would appear that, when sympathetic stimulation induces systemic vaso-
constriction, 15 15 well to eonsider not only the influence of the increased
resistance to ejection from the left ventricle and the performance characterts-
ties of the left ventricle at that time, but also the extent to which a decrease
m venous distenstbility induces a brief period of disequilibrium during whieh
the change in the venous blood volume 1s reflected, via the right heart, i an
augmented pulmonary blood volume and pressure It 15 difficult to imagine
an experiment in which 1t 1s possible to modify tangibly any single parameter
of the cirenlation without also indueing myriad reflected changes in 1ts other
parameters It will, therefore. be simple for me to persuade you that the
above exposed view must be lacking to « considerable extent in not having
ineluded an appreciation of those factors which we have not, as yet, had the
wit to examine

The above treatment of the subject at hand was predicated on the expeil-
mentally supported hypothesis that, in a normal vascular bed edema will
supervene when the oncotie pressure of the blood is, for an appreciable mter-
val, execeded by the hydrostatic pressure 1 the eapillaty by an amount wlieh
promotes the formation of tissue fluid at a mtc. not readily lmufiled b_\: the
iymphatie run-off 1 would not have complied wul'x the express wishes of our
c]lairman if I did not at Jeast touch on that highly mteresting but little
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derstood clinical ph wherein overt mamfestations of lung edema
are not obseriable even thongh left atrial pressures are markedly elevated
The question thus naturally arises as to whether there Is some alteration in
the pulmenary eapillary-lveolar barrier. Although 1t was perhaps averhy
obdurate on wy part, I nesertheless retumed some rather pale reservations in
thiy matter since no mformation had come to my attention about the recording
of sueh elevated left atral pressuves for mare than wery brief pesiods of tiune
This aspeet of the matter was clarified, however, by Dr Samuel 3 Fox 11
and Dr, Audrew G Morrow m the National Heart Institute’s (e of
Surgery. They obseried, by means of Dr Morrow™ techmigue of trans
bronehial catheterization, recorded left atrad pressures teiee the normal eneotye
pressure of the blood and continnoshy olmersed these for moe than halt
an hour on three scparate oceasons without obsersmg the evert mamfesta-
tions of hungt edema. You muy reeall, Mr Chanman, that earlier w this sym-
possum 1 addressed @ question about the appearance of the Iy wphaties w sueh
lungs to the emnent members of the pathology panel It wauld appear that
thiy is not ene of our most preeisely defined arcas of knowledge Eventual
conviehion in this matter will, 1 suppose, anay evidence o the 1) pe obtamed
by Drs Fox and Morrow together with evidenece m the same patient coneets-
mg the presence or absence of an abnormally caprerons hmpliatie system My
onn nmnforned uess 1o that there may be some neredse m the resitance
of flutd transfer from capsilary to alveolus i the lungy of patients subjected
to longstunding palmenary vaseular hypertension and thys position s con-
sonant with De Dexter’s mterestani obsersations that such patients appear to
#o wto and emerge from lung edema i = more lasutely wmamner than w
wanallh olwerved Anyone interested, however, should acquamt lmself waith
the viens of De Grahan W Hayward # with whose position sueh obseryations
are ejually consonant

1 close wath the feehing that I hase not really spoken ot anything that movt
of yon dul not alreads know to & varying extent and with sarvimg demees
of eonvictzon § have the hope, howeser, that wame of 1er may acquire ~ome
Peasure w looking st the syadrome of ling edema from the pont of view,
necessartly meomplete, that I have attempted to prosent, namely, a considera.
tion of the net effects of those anfisiences which reswst the dimmubon of
puimonary blood 1aluee via the feft ventriele ma-d-en thove mfluences which
tend to augment 1t 1ia the rizht ventriele I Dave, for abtious reasons, omitted
any mention of thanges i primonary senular or venows distensibilits althengh
chunges thereot wonld certamby be of conssderable interest from several pomts
of view i experspental enidence on this ponat were avarieble
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Discussiony

Karz Commg back to pulmonary edema, I think Dr Sarnoff las added
one element which may rawse the pressure in the pulmonary aremt It has
been generally accepted that left heart failure, operating ““backwards,”’ ean
raise the pulmonary vascular pressure. and hydrostatically, therefore, lead
to edema Dr Satnoff has experimants, which others have also considered. m
which systemie vems contraet and lead to a 1edistribution of blood‘ Dbetween
the systemte and pulmonary ecircuits m wlueh the pulimonary ereuit 15 s
tended, its pressure raised, and so hydrostatieally might lead to edema

Wr have been interested in the ehinfeal problem that smail pulmonnry
emboli can give rise to pulnonary edema a.ud death 1'J11|Pss oue .nccn'm;
Wessler’s vbeersation, that what the pazlm!oglst finds 1 JIIS'.. the residue o
more extemsive embolization after agonal Iyvis has oceurred which caused ~eme
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of the efots to diappesr, one must alternptively comsider the possibilsty of
some potentiating mechumsans

Cur own work on these patentiating has bren published w the
December isste of the Amencan Journs! of Phasiology and the January asue
of Cirealation Resenrclt This iv a stemary of my group’s extensive four year
study on starch enyboli and the mechamsimy invobied i femdng to pufmonay
hypertenston wnd bilateral pulmonay edensd

Aumng our findings we concluded that we had evudence that there was
pulmanary senoconstriction following embolization iy esulenced by # Tie
m pulmounary arterial wedge pressuve (and venous pressure} without an
dveampanymg rve 1 Jeft atral pressure That sueh wedge pressure rises oeeur
was substantiated by Visseber and his group with endotovin and was shown
cartier by Carl Sehandt and Aviado

We were able to demonstrate that undatersily ujected stareh {and we
proved this by mierosecopie sectsons of the fungs and by inturating the seseraf
lung tobes and getting the stareh content) cansed bilateral pulmonary wlems
Tius nay not eaused by airnay passage, hecanse we eould abt uet the bronehus
of one Inng and i} pet st there

Gur euadence sugeests that ¢ 18 due to o jocal pulmenary mfarction (It
conlid be produced by local mfarction wath NaO ) It operates by hiberating
husmorat substances, nature tnknown, and/or by neurogente reflexes—poten-
tiatng mechidnmsims operating at 4 distance We could abohish the edema forma-
f1on to & sertun extent by sy mpatholstie agents We conld abolish it by ant.
istatmines We fave found that serotomm cavses pulmonary edema in the
sisenee of Jett beart fashure

In the expermments [ am talkug aboat, the feft atval proswrc died anf 1ie
In some expertments the pulmonary tenows pressie dud riee even though the
Teft ateiad Qi nat, and 10 a¥l of eur experiments the puhienary arterial wedge
prossuve rose flowever the fevel reached 1 the pnlmondary veing and artenes
was not sueh that hydrestatie-oncobie pressura ifferenses conld explan the
edena Tormation

Thetefore we hive heen forced to the conclusion that i these peeutiar
erreutustanees starell embels sperate at & dutanee by way ¢ ¢ neuro-humoral
mechansm to affeet the permeabinty of the capillary wall This s an mterpre-
tation by exclusion In some recent. and as yet unreported data small guants
ties of serotonin ugected titto the luisg elvremst were found to produce the same
kind of changes 1wndduding puimonary edema

If one i pernutted o draw deductians by extrapolation, we think that o
possible serotomn might be one of the substances hberated. as shoun by
Comine and might have an effect not enly 10 enning the palmonary hyper.
tenstut bnt also n saereasary the eapillary wall penmeainhits

Sarxorr 1 should bke to mdieate the seriousness with whaek I regard the
mportaner of the pulmonary yenons bed and the patential sddition to ounr
hnowledge aboat ot that may, posaibly, be made by De Kntr’ group It has
bee an aren whieh T have found extiemely dhiendt to attack stk methods
that earry iy comvietion 1t s cledr that a chanze m pressure-volume 1efa-
tionshap of the pulmonary venous hed ean be a matter of eonsiderable mpor-

3
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tance, not only in relation to pulmonary edema but to cardiae output as well
There is no definitive information of which I am aware that is available on
the subject

I think that the evidence that Dr Katz recited is interesting but there is
one pomt about whieh 1 must inquire I helieve I heard Dr. Katz say that there
was an elevation of the pulmonary venous pressute m the absence of an ele-
vated left atrial pressure If this is true then one would expeet to find some
evidence of a pulmonary venous sphineter at the junction of these vessels and
the left atrium

Karz. May I suggest that we do what was suggested many years ago in the
Roval Soctety of Great Dritain, namely, that when people are m disagree-
ment they get together and do the experiment together and pubhish what they
find jomtly

CriamyaNy Woob I have one stmple question

In the wedge pressure tracing which you have taken during the period
of venous constriction. 15 the tracing an undamped left atrmal pressure or is
it a sort of mean pressure tracing ?

Katz In connection with these curves I think it should be pointed out that
thetre ate some people whe do not believe that you can get a true wedge pres-
sure m the dog These wedge eurves are not damped arterial pressure entves.
but they are damped venous curves They are not undamped left atrial pres-
sure curses I don’t know why this 1s <o .

I might say that 1 the hepatie vem there 15 a sphaneter present 1n certain
speeies but not m others, nor 1 man

Fually, T wish to restate that in the starelt emboli experiments m the dog
we found elevation m pulmonary venous pressure, of the order seen m the
wedge position, unaccompanied by any rise m left atrial pressure

Forster The classical 1dea of the mechanism of formation of pulmonary
edema that [ remember from medieal school 15 just what Dr Sarnoff has
mentioned—that there would be a movement of fluid mnto the alveolar septa
and from thence mto the alveoli [ also believe 1t 15 a more or less general 1dea
that tlis will cause edema of the septa before producing flurd n the alveoll
This should be an ideal process to follow with measurements of the pulmonary
diffusing eapacity We would expect a decreased diffusing eapaaity the
alveol: affeeted because of the icreased diffusion path

The relatively small number of experiments reported, mostly those of Dr
M H Wilhams, Jr (Am J Physiol 175. 84, 1953) on pulmonary edema 1n
dogs, suzgest that what actually happens 1s that some alveoli are completely
ﬂu;ded with fitud and the remawmder are relatively normal In other \\ouh]
this is appatently a patehy mechanism I thought that this would Pe a[ fﬂﬂll

opportunity to ask Dr. Sarnoff for his comments as to whether Insto]oilc(:s
<ections were done as a part of lus studies and, secondly, to ask (he.pﬂﬂ‘oll;r;].,.
to whether they see edema of the septa in pulmonary edema We would hik

1 findings with the pathological studies
coorry.” We have

as A
to re le our phy
gapyorr I have only one word with regaud to that—

no information on that



Pulmonary Vaseular Resistance in

Mitral Valvalar Discase

By Kexxern W, Dovaen

LRING THE LAST TWO pars our bted knowledge of the pulmonary ciren-
Hation has bean so well ventilated, that we may be i danger of mtelleetnat
acarbia and even spasmoplulia {t 15 m¥ task to review the yroblem of puimo.
nary Vaseular resstance in mtral sahe disease It 15 hardly necessary for me
to emphasize the ymportance of the cecurrence of meteased pulronary vaseniar
resstance in mitrsl stenows Mitral stenosws wself ean onfy cause a two to
three fold merease in the pressure against Which the right ventriele amst work
Hanerer, it the pulmonary 1 asenlar rexistance mereases, this prewars beeomes
sery much greater and has a major influence on the progress and progrosss
of the patient 1 prast make 1t qurte clear that J hase bronght no smportant
mewage or new diseover) about the apparently forturtony oceurrenes of in-
ereased pulmonary sacenlar rewstance sn mitral stemows Haung deelared
my agnorange, 1 wish to underhine it by briefly reviewing present knowledge,
our own experience and rome of the theories that Have been advanced
Furst, there 15 little need for me to stress the relatave erudaty of the accepted
methads of enleulating the puimonary vaseunlar reastante by relating the mean
prevsnre gradient across the lungs to the mean blond flow Dr Cowrnand bas
already emphasized the great difficalts m obtanmyg rebable yrewsurs gradient
measurements with the extreme vanmtions of pulse ol miraplenral pressures
enconntered i freart disease 1f flos ceases at any time during diastale or i}
Hirrr 19 ershesl opemng and closimg of the smaller yessels an the Bings, then
the errors il be pien greater Standvill and even retrograde flow appears
to oceur n the larger systemie arteries of ~ome ammals but DaBow” studies
of the palmonary capiffary blood flow, wing the body picthvwmograph and
nitraus nxide absorption would sugzest that bload flow does not cease g the
pulmonary esrenlation There s alse anertin and complianes snvahed ap the
present method of assessment of prlmonary vaseular resistanice Yet mereased
pulmonary aseular resistance 55 a very real thing whieh threatens the hfe
of many pattents with natval stenosis There 18 2 story from the First Warld
War coneerninz the remark of one soldier to anather who was comphiming
of the 3 feet of water w the shelt hols w whch they had 1aken enser '3 yon
know a better hole, go 1o 1t."" § will therefore e the tradstionally ealentated
pulmonarv sasealar renstance, aware of its many feults but ~tl behevimg
it s a very useful measurement The unses of dynes second am * are very m-
preswve ones and are Spehined to make one feel gre 1 two steps ahiead of
Ewnste:n However, they are the correet units and I will make no further
apology for usng them
The problem of the out-flow pressures of the lung cireulation has Iargely
297
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resolved 1tself throngh the use of wedge pressutes Despite carly eriticisms of
the interpretation of these pressures, more and more studies bave shown
remarkable concordance between left atrial pressures obtained by direct pune-
ture and wedge pressures, particularly when these are abnormally rawed
There 19 httle doubt that, if proper precautions are taken, the impacted seq-
ment of lang vasenlature acts ay a very effeetive extension of the catheter
to the pulmonary vemns and atrium, This is very useful for meastrmg mean
bressures but has too many undesirable and unpredictable eharacteristies for
the transmission of detailed wave forms, I would like to pay tribute to
Doctors Werko and Dexter who are present today, for their work m this field.

In the last few years a number of textbooks and workers have stated quite
categorically that the increase m pulmonary vaseular resistance 1s eansed by a
reflex mitiated by the rawed left atrial and pulmonary venous and capillary
pressures Sonte go even further and state that the crtical level of left atrial
pressure whick precipitates this reflex vasoconstriction 15 of the order of
25 mm Hg This shtde (fig 1) shows the pulimonary vascular resistance plotted
against the wedge pressure n 44 casually seleeted patients with mitral stenowis
and 1t 15 elear that this elaimed relationship 1s not a true one, although mark-
edly inereased pulmonary vasenlar ressstance 15 not found unless there v an
abuormaily rawsed left atrial pressure There are, however, many patients with
greatly increased wedge pressres who do not show any merease n pulmonary
vasenlar resistance

T have not so far diseussed mitral regurgitation Dr Paul Wood, our Chair-
man, powted ont <ome years ago that the pulmonary vascular resistance
mutegl vegurgitation 1s rarely of the order encountered in many eaves of mitral
stenasia Tl state of affairs eould be well deseribed as benign sustolie left
atrial hypertension

Helen Duke and other workers have shown m dog expermments that 1f the
left atrial pressure 15 gradually rased artificially. the pulmonary vaseumlar
resistanee falls and v mimmum at an out-flow pressure of about 15 mm Hg
Wath Ingher out flon pressures the pulmonary vaseular resistance remamns at
this level The most obvious explanation of thts finding 1« that the pwmonary
vascular bed 1 passnely distended and thus resistance 18 decreased  Abme
15 mm He the pressure volume relationshups are such that little further disten-
fion occurs Reeentle we have found m patrents with essential systemie artenal
hypertension, and normal wedge pressures at rest, that 1f the wedge pressr?
ices moderately on exercie, there 13 a shight but definite fall i pulmonasy
vasenlay resistance

At present there 15 no firm foundation for the claim that pulmonary vaso-
constriction 18 precipitated by an merease in left atrral pressure It 1s possble
that pulmenary vaseular resistance 1s 1nereaced by reflex stimulation from the
hyperventilation of the lnngs 1t s alvo possible that a low blood f}m\' ﬂ“‘““l![‘;
out the body tanses an wereased arteriovenous oxygen content dlﬁerell?e ant
Inereased mean oxygen tension i the chemoreceptors 1n the systemie c"‘;‘::‘“{'
tion Daly and other workers have some recent evidence that tiis may o
some mmportance in relation to the pulmonary vaseular resistance

5 el i ntrod of the
Yowever, there 15 mncreasg ev ulence of some gutonomic cont
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resolved stself through the use of wedge pressures Despite early eriticims of
the mterpretation of these pressures, more and more studies have shown a
remarkable eoncordance between left atrial pressures obtained by direct pune-
ture and wedge pressures, particularly when these are abnormally raised
There is httle doubt that, if proper precautions are taken, the impacted seg-
ntent of lung vasenlature acts as a very effectite extension of the catheter
to the pulmonary veins and atrium, This 18 very useful for measuring mean
pressures but has too many undesirable and unpredsetable characteristies for
the transmission of detailed wave forms [ would hke to pay tribute to
Doctors Werko and Dexter who are present today, for their work m this field
In the Iast few years a number of teatbooks and workers have stated quite
categorieally that the merease in pulmonary vascular resistance is caused by a
reflex mmtiated by the rawsed left atrial and pulmonary venous and capillary
pressures Some 2o even further and state that the critical level of left atrial
pressure which precipitates this reflex vasoconstriction is of the order of
25 mm Hg This shide (fig 1) shous the pulmonary vascular resistance plotted
against the wedge pressure in 44 casually selected patients with nitral stenosts
and 1t 13 clear that thrs elaimed relationship 1s not a true one, although mark-
edly mereased pulmonary vascular resistance 1s not found unless there 15 an
abnormally raised left atrial pressure There are, however, many patients with
greatly mereased wedge pressures who do not show any nerease 1 pulmonary
vaseular reastanee
1 have not <o far diseussed mitral regurgitation Dr Paul Wood, our Chair-
man, pointed out some jears ago that the pulmonar) yascular resistance m
mitral regurgrtation 1s rarely of the order encountered m many cases of mutral
stenosis This state of affarrs could be well desertbed as benign systohe left
atrial hypertension
Helen Duke and other workets have shown 1n dog expermments that if the
left atrial pressure s gradually raised artifienally. the pulmonary ‘asenlar
1esistance falls and 1 miimum at an out-flon pressure of about 13 mm IHg
With ligher out-flow pressures the pulmenary iascular resistance remaims at
this level The most obyvious explanation of this finding is that the pulmonary
vasenlar bed 15 passively distended and thus resistance is deereased Above
15 mm Hg the pressure yolume relationships are such that little further disten-
tion oceurs Recently we have found in pattents with essentral systemie artersal
hypertension, and normal wedge pressures at rest, that if the wedge prewsure
rises moderately on exercise, there 1 a shight but defimite fall m pulmonary
yascular resistance
At present there 15 no firm foundation for the claim that pulmenary vaso-
constrietion 15 precipitated by an mmerease m left atrial pressure ;t 1 posssble
that pulmonary vascular reststanee 1o mereased by reflex stimulation from ﬂ]\P
hyperventilation of the lungs It 15 also possible that a low blood flow throug li
n;n the body causes an increased arterioyenous oxygen content dlﬂ"e.renf.'e ﬁ]l"
inereased mean oxygen tension 1n the chenmoreceptors in the syst.emnc c'u;cu (\f-
tion. Daly and other workers have some reeent evidence that this may be o
some importance 1n relation 'f’ the pulmonary vaseular reﬂsta'nce. | of the
Howerer, there is increasing evidence of some autonomie control o
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has demonstrated that the inerease in putmonary vasentar reststance 1s largely
reversible even in patients with severe pulmonary hypertension and with gross
pulmonary arterial pathology,

Befors proceeding furtlier, let ws review some of the relattonships found
2 witral stenosis, It 14 well known that patients sho have a normal puimo-
nary vaseular resistance and only shghtly rased puhnonary arterial pressures
are rather more proue to attachs of pulmonary edema than those patients,
wsually the older ones, who hiave a high pulmonary arterial pressure and puls
monary 1ascular reastanee For this reason 3t has been postulated that putmo-
nary vasoconstriction ‘*protects®’ the pulmonary eapitlaries from sudden rises
1n pressure on exercise and thus the rik of pulmonary edema is lessened The
true pulmenary capillary pressure 1, of course, mamiy dictated by the pres-
&ure in the left atrrum and pulmonary vems and 1t 1 difficult to see how

¥ trietion can 1nfl it. It mivrely raises the pressure
behmd the pulmonary arterioles We do not see peripheral edema 1n patsenits
with severe systemic by pertension and healthy hearts

There 3y no doubt that of the pulmonary vaseular resitance is raied the
nght ventricle becomes inereasingly overloaded and that right vestrieular in-
sufficiency supervenes earhier 1 do not necessarily mean the state of failure
deseribed 1n climeal practice when there 15 a rise of mght ventmeular Giling
and venous pressure at rest, but rather an inereased fillng pressure and m-
pairment of eardiac output which may only aceur on exereme

The next shide (fig 2) shows the pulmonary iaseular resistance at rest
related to the degree of responce of cardiae output fo esereie, and 1t will
be ceen that these patients with Ingh pulmenary vascular resistance show
an mereasiny wnparrment of cardiac output response The various grades of
mpatement of eardiac ontput response to exeresse are those usnatly employed
1y our laboratory and are iliustrated 1n figure 3 It has been consulered likely
that such patients with mmpmired exereming cardiae ontputs will have less
surge bebinad the mitral valve on exertion, and thus the danger of acute pulmo.
nary edema will be decreased Yet such patrents usaally show very high wedge
pressures on exereise and 1 feel 1t 15 more Likely that these patients are less
prone to pulmonary edema because of thewr ventilatory dietress and feehngs
of weakness assneaated wath Jow cardiae ontputs Thus the periods of danger-
ously rmsed pulmonary eapilary pressures are shorter and the risk of pulmo-
nary edema 1s proportionately less It 1s certamly wrong to eall thus increase
of pulmonary vasealar resistance resulting m nght ventricular msufficiency
““protection’” msofar as, although a further hemodynamic detertoration way
Jessen stress on the abnormal system, 3t 15 not an adaptation m the biological
sense but merely one fortunate furn of events amidst many unfortnnate ones.
A patient with mutral stenosrs who Qdevelops paralysis of his legs 15 equally
pratected by lus added abnormatity

There is also a reavonable correlation between these values at rest Although
there 13 4 tendency to a deeveased resting cardiae output with hugh wedge
pressures, this 1s by no means imnvariable and some patients with a ngh wedge
pressure maintain 4 normal eardiac outpnt, There 13 a befter correlation be-
tween the resting cardiae output and the pulmonary arterial pressure It 1s still
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pulmonary vaseular resistance and it may be well worth while to strip the
autonomic nerve supply from the lula of the lungs during mitral valvotomy.
This would be at present a very empirieal proeedure but it iy possible that
stieh a removal of the autonomie nerve supply may present pulmonary vaso-
eonstrietion after the operation or during subsequent re-stenosis

The next aspect of this problem 1s that of the morphological changes that
oceur m the pulmonary arteries. It has been demonstrated during this sym-
posium that there are many considerable changes in the pulmonary arteries
m mitral stenosis There 15 still debate as to whether there is a true hyper-
frophy of the media of the pulmonary arteries T will leave this aigument to

the pathologists who have already had their say  Last might [ dreamt a thou-
sand diseased arteries danced before me There 16 however one finding 1 mitral
stenosis that mmpresses me and that s the appearance of musele m the walls
of the pulmonary arterioles or precamitaries where 1t does not normally occur

Earher reports relating vascular pressure to morphologieal ehanges i the
pulmonary arteries found m lung biopsy emphasized that, although the
changes were more marked with higher pressures, this was not consistent
Agam it was stated that marked changes in the pulmonary arteries rendered a
@ood result with considerable fall in pulmonary vaseular 1esistance less likely,
although 1t was admitted that there were exceptions to thie IHeath and
Whitaker found a mueh closer correlation between the pressures and arterial
changes m mutral stenosts All patients with pulmonary arterial pressures
above 70 mm Hg showed marked pathologreal changes in the muscular arterzes
and a medral development m the arterioles Below 50 mm Hg no sueh changes
were found

This 1 an mmportant finding as 1t would indicate that neither marked
pathological changes nor medial ““hypertrophy”” occur at levels of pressure
due to mutral obstruction alone, and that the mncrease of pulmonary vascular
resistance oceurs i normal pulmonary arteries The hypertrophy of the media.
1f 1t oceurs, 15 secondary therefore to the pulmonary hypertension and does
not intiate 1t

There 15 little doubt that the degree of vasometricity is mereased in patients
with mutral stenosis and pulmonary hiypertension, as ean be demonstrated by
the considerable rise of pulmonarv vascular resistanee on exercive and the
considerable fall during sleep and with the adminitration of acetyleholine
Scott and his eolleagues showed a significant fall m pulmonary vascular resist-
ance in patients with mitral stenosts and rawsed pulmonary vaseular resitance
when tetra-ethy] ammontum ehloride was admimistered whereas Fowler had
previously dentonstrated that subjects with wormal pulmonary vascular re-
sistance showed but httle change The effect of anoxia would be of great
mterest but the few workers who have explored this avenue report that the
procedure is too dangerous 1n such subjects ta Justify a series of experiments
It would appear reasonable to suppose that the mereasing arterial degenera-
tion and mtimal thickening, encountered in this disease, will render the
inerease in resistance largely irreversible. However, just as the hy potem.nf’
aents in systemie hypertension have shown this morplological (-'(pla'lmhﬂl:
n't: Lustamed hypertenston to be maccurate, so the effect of mitral valvotomy
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Fig 4 —Tulmonary vasculdr remstance 1n mitral stenosis in patients with sius 1hythm
and autieular firillation

The next shide (fig 5) relates the pulmonary vaseular resistance to age It s
difficult to be sure of the period of the disease proeess but 1t 15 reasonable to
assume that the damage commenced 1 childhood 1n most cases There appears
to be on the whole an mereawed medence of high pnlmonary vascular resist-
ance as age ncreases although a number of younger people do show high
values The somewhat lower levels of pulmonary vaseular resistance in the last
two age groups from 55 to 65 1s of imterest as the low resistance may be the
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Fio 3 —Cardine output related to oxygen uptake during exercise, The normal regression
hine and the 95% confidence limts are shown Three arbtrary grades of impairment of
cardiac ontput response are delineated

very mysterious how the cardiac output falls to abnormally low levels 1n
these patients before there 15 any elinical evidence of right ventricular msuffi-
ciency and failure If the eardiac output remamed normal in many of these
patients with increasing mutral valve obstruction, then fatal pulmonary edema
would appear almost mevitable It s easy to describe the benefits of tlus reduc-
tion of flow but the mechanism 1s not yet understood The reduction in resting
and exercising cardiac output may be due to the development of aurleular
fibrillation but it also oceurs in some instances where there is simus rhythm

The next shde (fig 4) shows the pulmonary vascular resistance in relation
to rhythm and demonstrates that none of the patients 1n sinus thythm have a
marked increase of pulmonary vascular reststance It is possible that an in-
ereased pulmonary vascular rewstanee and aurrcular fibrillation are hoth
phenomena commonly occurring 1 the later stages of the disease It 15 also
possible that aurscular fibrillation 15 partly precipitated by right ventricular
insufficiency and a ramed filling and atrial pressure although of course the
rheumatic changes 1 the atral wall must be another important factor How-
ever the absence of a raised pulmonary vascular resistance in the presence of
sinus rhythm is worthy of further mvestigation
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F16 4 —Pulmonary sasiular resistance i mutral stenosis 1n patients with sious rhythm
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The next shde (fig 3) relates the pulmenary vascular resistance to age. It is
difficult to be sure of the period of the diease proeess but 1t 18 reasonable to
assume that the damage commenced 1 childhood 11 most cases There appears
to be on the whele an mereased inexdence of high pulmonary vascular resist-
ance as age increases although a number of younger people do show high
values The somewhat lower levels of pulmonary vaseular resistance in the last
two age groups from 55 to 65 15 of interest as the low resistance may be the



PULMONARY CIRCULATION

1800
w
B .
O 1600
5
w
o
w 1400
z
=
Q
3 1200
-
= L
2 & 000} *
Zn .
58 y
& o
5 800
-
] .
n 600
§ .
% .
g 400 . .
z .o L] .
S 3
b . *
o 200 M . .
3 . .
a . .o . . 4 .
. .

o
2025 25-30 30-35 35-40 40-45 45-50 5055 55-60 60-65
AGE YEARS

Fi6 5 —The pulmonary vascular resistance in mitral stenoss plotted 1n 5 year age groups
from 20 to 63 years

reason for their survival to this age An even larger series would be necessarv
to be at all certain of the significance of these relationships

There 15 another hypothesis concerning the pulmonary vascular resistance
which I would Iike to present for your consideration As 1s well known the
comphance of the lung 15 usually considerably reduced 1 mitral valve disease
It 18 possible that hemodynamie differences particularly of the venous and
arterial pressures in different parts of the lungs may cause considerable dif-
ferences 1n comphiance 1n these regions If the patient 1s upright, as both fit
and unfit cardiac patients usually are, one would expect the bases of the lungs
to be less complant This may canse the tidal air to pass largely mto the more
comphant lung and the less compliant lung to be underventilated Such under-
ventilation would cause a drop in alveolar oxygen tension in these areas with
possible vasoconstriction Tlns theory that the eardiae patient only nses a part
of his lungs, would explain many findings It would explain the inereased
ventilation in many cases with a low pCOy, a relatively normal pOs and gh
pH It would explam the poor distribution of mspired air demonstrated mn
mitral stenosis It would explain the relatively normal pulmonary blood \?I-
ume as measured by dye techniques, and the ‘fall i pulmonary arterial
pressure when oxygen 1% giren to these patients Careful studies of the pulmo-
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nary vaseular resistance when breathing raised tensions of oxygen are yet to
be carried out and will be of great interest

There are other findings which may also support this possibility. Both
radiological and patliclogical studies of the arterial and congestive changes in
the lungs m mitral stenosis have phasized that the ab lities are far
more marked in the lower lobes Further, Scott, when he demonstrated the
acute fall in pulmonary vascular resistance with tetra-ethyl ammonium chlo-
ride in this disease, also noticed a very definite fall in arterial blood saturation
and it 15> tempting to think that he had allowed blood to flow through non-
compliant, poorly ventilated areas of Iungs where the oxygen tensions were
low and there was vasoconstriction Dr Soderholm has some other work to
report later this morming which might appear relevant to this aspeet

1t is also posstble that the greatly increased negative intrapleural pressures
in thss disease owing to decreased compliance and inereased ventilatory vol-
ums, may cause some degree of capillary collapse and increased pulmonary
vascular resistance It is obvious that the exeellent work that Riley and his
colleagues reported yesterday may have important repercussions in the lung
errenlation in mitral stenosis

Finally, one eannot discuss pulmenary vascular resistance in mitral stenosis
without considering the effects of mitral valvotomy I will however delay dis-
eussion of our findings until Dr William Likoff has presented his results

In conclusion I would hike to re-emphasize that we still do not know why
inereaced pulmonary vascular resistance oecurs in many patients with mitral
stenosts It 1s certainly associated with a ramed left atrial pressure and is
largely relteved by a fall of this pressure after mitral valvotomy. The personal
variation in this respouse to the abnormal hemodynamie situation is as mys-
terious as the onset of essential hypertension Despite the great success of
mitral valvotomy in & certain number of eases there 1s still great need for
some therapeutic agent that will prevent pulmonary vasoconstriction m this
disease Although a high pulmonary vascular resistance. by causing right
ventricular embarrassment, may play a part in preventing acute pulmonary
edema, 1t 15 most probable that 1ts development considerably shortens Iife in
the large majority of cases

(I wish to thank Drs J M Bishop and 3 Bateman for their help ia prepar-
mg the data shown )




The Vasoconstrictive Factor in
Pulmonary llypertension

By Pavr Woon

N A sTUDY of 500 cases of eritical mitral stenosis (orifice 5x3 mm to
15x.75 em ; usually 1x 5 em ) the pulmonary vaseular resistance was

extreme (over 10 units) 1n 12 per cent, and moderately high (6 to 10 umts)
1 16 per cent,

The 60 patients with an extreme resistance were seleeted for further study
The average age of these cases (39) was the same as that m the cases with
relatively normal resistance, and 80 per cent of them gave ne histery of
previous hemoptysis, pulmonary edema, paroxysmal nocturnal dyspnea, or-
thopnoea or even severe hreathlessness, their first important symptoms being
those known to be a consequence of severe pulmonary hypertension and a low
cardiac output, particularly fatigue, hepatic discomfort and edema It was
concluded that the high resstance developed pari passu with the stenosis,
and was not a late consequence of ehronic interstitial edema of the lung or the
other manifestations of prolonged pulmonary venous congestion. It followed
that some active physiologieal process was at work, presumably reactive pul-
monary vasoeonstriction The remarkable fall in resistance that folloned tech-
nieally successful valvotomy seemed to confirm the thesis, although gradual
involution of organie vaseular disease might also have resulted from the abol-
tion of passive pulmonary hypertension

To demonstrate the presence or absence of pulmonary vasoconstriction I
decided to try acetyleholing in the hope that a suitable dese might prove selee-
tive, the rapidity of its destruction by chohinesterase making it lkely that it
would not reach the systemic cirgulation In fact, a dose of 1 mg injected
rapidly mto the pulmonary artery had precisely the effect we desired - the pul-
monary blood pressure felf and the systemic blood pressure rose The rise i
systemic blood pressure was attributed to an mcrease m cardiac output second-
ary to the fall in pulmonary vaseular resistanee, although this was not always
easy to demonstrate

The effect of acetyleholine was then investigated 1n sixteen cases of mtral
stenosis In eight the resistance was extreme (12 to 26 umts), in four it was
Tugh (6 to 10 umits), and 1 four only slightly rased (25 to 5 umts) In the
more elaborate trials a double lumen catheter was passed into one pulmonary

artery and a single lumen catheter into the other. The distal aperture of

the twin lumen catheter was used to measure the pulmonary artery pressure

The proximal aperture was placed just beyond the pulm}mary valve and

served both for sampling and for the injection of acetylcholine into the man

The single lumen catheter was wedged distally so that the

asured smultaneously. A Riley needle was
204

pulmonary artery.
Jeft atrial pressure eould be me:
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1nserted mnto each brachial actery, one for sampling and the other for record-
ing the systemic hlood pressure Oxygen consumption was measured by ana-
Iyzing two minute samples of expired air collected in a Douglas bag, and
pressures were recorded by means of a Sanborn electromanometer and four
channeled direct writing nstrument An initial trial dose of 0.5 mg of
freshly prepared acetylcholine was usually given to test the technical arrange-
ments and to ensure that 1 mg would not prove too much An overdose re-
sulted 1n a fall of systemic blood pressure and was therefore easy to detect
1f there was no effect the dose was mereased first to 1 mg and then to 1.5 mg.
each 1n 4 ml of normal saline. There was usually an all or none response and
larger doses were found unnecessary.

The results were fairly uniform; the pulmonary blood pressure fell and the
left atrial pressure rose The cardiae output, blood pressure and pulse rate
remained much the same The pulmonary vascular resistance fell from an
average of ¥ to 5 units The effect was most marked in those with the highest
resistances On the other hand, the only 2 cases that did not respond at all
had extreme resistances It is suspected that sueh eases may fail to respond
to valvotomy

The effect of this extreme resistance on the total situation in mitral stenosis
18 muttifold —

1 It may become rrreversible as illustrated 1n the two eases just mentioned, Ob-
Iiterative pulmonary vasenlar diease 1s precumably responsible

2, Tt pnt & great stram on the night heart and so causes genwme right ventricu-
lar farlure.

3 This meht heart falure prevents much mse of the left atrial pressure on
exercise

4. Indeed, the left atmial pressure may be so httle raised as a rewult of the low
output, that valvotomy 13 unable to improve matters, for 1t ean result i no
further fall 1n left atrial pressure and so eannot reduce pulmonary hyperten-
sion by ahohshing the passive factor. Faiure to recogmze this has led to at
Jeast ofie useless valvotomy

5 The sluggish eirculation in these cases encourages phlebothrombasis 1n the legs
and death from ol 15 not Massive tl mn
2 man pulmonary artery may he another fatal complieation,

G On the other side of the ledger i« the protection that a high pulmonary vasular
resistance gives to the hings

Hyperhinetic and Reactive Pulmonary Hypertension wn Cases
with Potentially High Pulmonary Blood Flow

Whatever we call the Eisenmenger group there 15 no doubt that that is a
most convement term to identify cases of pulmonary hypertension with an
extreme pulmonary vaseular resistance and reversed or hdirectional shunt at
aorto-pulmonary, ventricular or atrial level; that Eisenmenger’s case hap-
pened to have a ventreular septal defect mstead of one of the other mme
anomalies 1t might have had when seen m hife was pure chance

Acetylcholine was given to thirteen cases of the Eisenmenger syndrome with
resistances ranging between 15 and 32 units The communteation between the
two circulations was atrial in 6, ventricular 1n 5 and aorto-pulmonary m 2
The pulmonary blood pressure did not fall prunarly in a single 1nstance,
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even with a dose of 2 mg. It seemed possible, however, that a fall in pulmo-
nary vaseular resistance might simply increase the blood flow to the lungs
without significantly altering the pressure. Accordingly we measured the
arterial oxygen saturation simultaneously, thinking that it might rise, but in
no instanee was any such rise observed. Instead, however, in some cases there
was a fall. This suggested the possibiity of a paradoxical response and shortly
afterwards we obtained an actual rise of pulmonary artery pressure in one
ease, which seemed to eonfirm the 1dea, Then came a report from Adams, Lind
and Rauramo (Nov, 1957) that acetyleholine caused pulmonary \asoconstrie-
tion 1n newborn babes This seemed ta elinch the matter and, together with our
findings, appeared to eonfirm Edwards’ 1dea that the pulmonary vessels in
Eisenmenger’s syndrome remained fetal in eharacter

There were two further surprises in store, however First, we found that
acetylcholine lowered the arterial oxygen saturation sharply, as well as the
pulmonary artery pressure, in a case of cor pul monale, Suggesting that 1t may
open up physiologically closed vascular pathways through unventilated lung,
and that this might occur to a lesser extent 1n any kind of patient lying quietly
on a catheter table, particularly if premedicated with barbiturate A similar
drop in arterial oxygen saturation Itas sinee been recorded 1n a ease of mitral
stenosis with high resistanee, the pulmonary artery pressure falling as usual
simultaneously It was felt that the fall in the Emsenmenger group meght be
similarly explained, despite the lack of a demonstrable effect on the pulmo-
nary blood pressure and resistance

I then wrote to Dawes and asked him if he would be kind enough to check
the effeet of acetylcholine on the fetal pulmonary cireulation in ammals, and
he has since told me that 1n his first expertment he obtamed a drop mn pulmo-
nary blood pressure when using a dose equivalent to ours. No doubt he will
claborate on this shortly

This Jeaves the pomnt unsettled, but 1t should be cleared up with further
work The fact remans, however, that acetylcholine fails to lower the pulmo-
nary vascular resistance in estabhished cases of the Eisenmenger syndrome, at
any rate m adults and ehildren over 5 years old Whether this is due to
obliterative pulmonary vascular disease or to an unusunal physiological response
remains to be seen.

One can go further 1n one respect, however If in the Ernenmenger syndrome
one of the pulmonary arteries is stenosed, <o that the pressure beyond the
stricture 1s appreciably below systemic level, then the response to acetyleholine
dehivered to that pulmonary artery 1s normal, the pressure falling sharply
This helps to dispose of the idea that the fault in the pertpheral pulmonary

)

artertes in E s is

Hyperhinetic Pulmonary Hypertension

As previously explamed, hyperkinetic pulmonary hypertenston without the
d reaction of the Eisenmenger group, mmplies a shght or moderate rise of
or at least failure of the resistance to fall, otherwise little cleva-
ure can oecur, even with flons of 30 liters per minute, for the

flori
resistance,
tion of press
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pulmonary vessels normally dilate in response to ereased flow, and maximum
dilatation lowers the resistance to about one third of its resting level

Acetylcholine was given to only three cases of hyperkinetic pulmonary
hypertension so defined the pulmonary blood pressure fell 5 mm Hg m two of
them, but very little, 1f at all, mn the third Some degree of vasoconstriction
15 evidently present in this group, but 1t 1s not pronounced

OBSTRUCTIVE PULMONARY HYPERTENSION

No opportumity to give acetyleholme to a case of proved subacute thrombo-
embolic pulmonary hypertension has yet arien

Privary PunyoNary HYPERTENSION

Of the six eases mvestigated five responded briskly to acetyleholine Indeed
the magmtude of the response was not surpassed 1n any other eondition The
test at once distingwished these cases from members of the Eienmenger group
Two of those with the greatest falls of pulmonary blood pressure had had the
condition for 8 and 4 years respectively, which should have provided ample
time for the development of sufficient obliterative vascular disease to abolish
the response Children aged 5 to 8 years with Eisenmenger’s Complex do not
react i this way to acetyleholime This remarkable difference in behavior
eannot be 1gnored, and may well prove of fundamental sigmficance

In primary pulmonary hypertension vasoconstrictton eould also be relieved
by both priscoline and aminophylline

PuLmoNARY HyperTENsion 18 Cor PULMONALE

Only two cases of cor pulmonale were investigated and when acetylcholine
was given to these each responded briskly enough As stated above, the arteral
oxygen saturation fell conspienously, suggesting that the drug opened up
vascular pathways through unventilated lung Both cases had fibrotic rather
than emphysematous disease

SUMMARY AND CONCLUSIONS

The results are summarized 1 the aeccompanying table 1 Omitting obstrue-
tive pulmonary hypertension, whieh has not yet been studied in this way, 1t 15
clear that an important degree of pulmonary vasoconstriction can be demon-
strated 1n all forms of pulmonary hypertension except the Eisenmenger group
Release of thrs vasoconstriction by acetylcholine lowers the pulmonary blood
pressure and pulmonary vascular resistance and nereases the cardiae output
The systemic blood pressure may rise secondary to the mcreased output In
mtral stenosis the left atrial pressure rises In all forms of pulmonary hyper-
tension, but espeeially m cor pulmonale, the arterial oxygen saturation tends
to fall This may be attributed to the opeming of vaseular pathways through
umentilated lung

The demonstration of a pulmonary vasoconstrietive factor m most forms of
serious pulmonary hypertension and its absence 1n the Fisenmenger group,
takes us only one short step towards our goal We still do not know what
causes vasoeonstrietion, nor how mmportant a part it plays m imtiating, aggra-
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TasLe 1 —dcetylcholine Test
Summary of Results

Av. fallin
Type of Pulmon.iry Resistance No of No.,mn whieh  T.A.aystohe
Iy pertension (umts) enses PAP fell  pressure
{mm )ig)
(Matral stenosis)
Chicfly passie 2 4 4 13
Partly reactive 6 —10 4 4 17
Nighly reactive 12 —26 8 6 27
Hyperkinetic 2 — 4 3 2 5
Ohstructive 0
{Easenmenger group)
Obhiteratine 15 —32
Atral shunt 6 0 -
Ventricular shunt 5 0 -
Aorto pul shunt 2 0 -
Partly hyperkinetie 8 —10 1 1 5
(Cor pulmonale)
Poly genie 8 —13 4 3 15
(Primary)
1 Vasoconstrictne 8 —23 6 5 30

vating or mamtaming pulmonary hypertension In view of the uniformity of
the reaction, howeter, no matter how the pulmonary Lypertension 15 imtiated,
1t 15 agam d that riction may deselop i response to the
high pressure itself and so tend to perpetuate and nerease 1t. The absence
of vasoconstriction n the Eisenmenger group, at any rate from the age of
5 onwards, may be due to secondary obliterative vascular disease or to some
mherent difference 1n the behavior of the pulmonary blood vessels in these
congemital cases

DiscussIoN

Sooernony We have studted 10 cases of mitral stenosis and 1n order to get
a complete view of the hemodynamies the msestigation was performed both
at rest and during exercise, 1n a way that insured steady state conditions
Acetylchohine was given by contmuous mfusion 1 a dose sufficiently small to
be destroyed before 1t reached the general eirculation
The findings of Harris and Wood were fully confirmed, but during exercise
the effect of acetyleholine was more pronounced, and in our cases the effect
was as great nwhen the pulmonary artery pressure was nImos.t normal as when
marked pulmonary hypertension was present We rfnade cofmnnnus r.ecnrdm.':;
of the pulmonary artery pressure 1n ten patients being sub_](:ch'd to light worl
during the first minutes of acet}lc]lo.lme infusion. A sxgufﬁcant dpcrf‘ﬂie'm
lmonary artery pressure occurred immediately and persisted for {i\e min-
::tlcs Another important finding was that the arterial oxygen saturation after
b
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5 minutes of acetyleholine infusion had decreased markedly. Also there was a
signifieant increase m cardiae output and a wgnificant deerease in pulmo-
nary artery pressure indieating a marked decrease in pulmonary vaseular
resistance The brachial artery pressure was unchanged The arterial oxygen
saturation decreased sigmificantly, although the oxygen consumption remaed
constant and tlie pulmonary ventilation nereased slightly.

This demonstration that acetyleholme gave a rapid and marked decrease
of the arterial oxygen saturation both at rest and during exercise, is a new
finding of impor tance for the evaluation of 1t« action on the lungs This ehange
in arterial oxygen saturation must be due to a shift m the ventilation per-
fusion ratio of the lungs This could be caused by an icreasing dead space
ventilation or an nerease of intrapulmonary shunts; 1 e, inereased blood flow
through poorly ventilated areas It 15, however, improbable that such a de-
crease in ox3 gen saturation as 6 per cent could be caused solely by an increase
1 dead space ventilation, especially as the total ventilation was only shghtly
increased In other studies we showed that the dead space ventilation was
decreased durmmg actylehohine infusion and thus the most probable action
of acetylcholine seems to be an increase in the intrapulmonary shunting of
bloed The explanation of this action 15 probably that in certain parts of the
Jungs an alveolar hypoventilation exists which affects the vascular bed through
an hypoxie stimulus causing a funetional restriction of 1t This situation cor-
responds to the compensated form of nonumform ventilation blood flow ratios,
as deseribed by Comroe and others When acetylcholine 15 infused in a steady
state vasodilation occurs and the nonumform ventilation blood flow ratio 15
revealed, and at the same time the pulmonary artery pressure decreases
because of the inereased area of the vascular bed The changes found will thus
be the results of interference with a definitely established physiologteal mech-
amssm, rather than any mfluence on a presumed ‘‘protective yvasoconstrie-
tion 7?15

Cournaxp I have two questions for Dr Paul Wood

Firstly, if T understood you well, your results with regard to the effects of a
single dose of acetyleholine in the pulmonary artery upon the pulmonary
artery pressure m cases of pulmonary hypertension due to mitral stenoss, and
other causes, differed with those, first reported by Dr Peter Harris from
London, 1n his medical doctor thesis, published 1n 1955 (Harms, P, A study
of the effects of disease on the pressures m the pulmonary artery and mght
ventricle in man Thesis, University of London, 1955) Almost all your cases,
regardless of the level of hypertension, shewed a pressure drop 1n the pulmo-
nary artery Peter Harris, on the contrary, m his statistical analysis showed
that m cases with normal pulmonary artery pressure or mn those with consid-
erable degrees of hypertension, there was no deerease m pressures, whereas
m cases with moderate degrees of hypertension, the pressures dropped In this
group, he attributed the effect of acetyleholine to 1ts redueing action on the
tone of the hypertrophied smooth muscles of the small pulmonary vessels In
the other group with considerable hypertension, hie considered that the vascu-
lar walls acted like rigid tubes as a result of irreversible pathologie alterations

Secondly, 1t is not clear to me how you were able to measure cardiac output
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in your studies For this purpose, m these subjects who were in an unstead
state, did you use the pressure pulse contonr method of Remingtont

Woop We took control samples beforchand from the pulmonary artery an
the brachial artery We took them again at 30 seconds after the mjection wher
the response was maximum, and again at about two minutes Of course
had to take a 2 minute oxygen consumption That was the erroneous part o
the measurement, The cardiac output measurements, as I pointed out, wer:
very rough and not too reliable, It was difficult to measure when it was chang
ing so rapidly 1t is easier when acetyleholine 1« given by slow ifusion

CovrNaxp: Our experience with ncetyleholine is based on the eontinuou:
perfusion of the pulmonary artery with an acetyleholine solution at the rate
of 05 mg. per minute In only few subjects or patients did the cardiae outpul
anerease; m most of them there was no change, even in the presence of a
marked drop m pulmonary artery pressurest

T would like to comment particularly on some experiments with eontinuot
perfusion of acetyleholine in patients with ¢hromie pulmonary emphysema
These studies, actually in progress m my laboratory, are conducted by Drs
Harry Fritts, and Charles Chidsey We have studied 18 cases so far, with all
types or grades of pathologie, volumetric or physiologie changes, and with
varying degrees of pulmonary hypertension The measurements of pulmonary
blood flow are made almost simnltaneously by the direct Fick and by the dye
indicator methods The dye is injected near the right atrium and two simul-
taneous enrves are obtained by drawmg samples from the pulmonary artery
and from the brachral artery. The object of these studies with the mdicator
technique 15 to determine approximately the effective bronchial blood flow by
measuring the output differences bety cen the right and left ventricles, 7 fur-
thermore, by comparing the two curves, instant by instant, an attempt 13 made
to determme the distribution curve of the transit times through the lung.
according to the statistieal method, ntroduced by Stanley Bradley for the
splanchnic cireulation 7 The ultimate purpose is to demonstrate whether acetyl-
cholime perfusion 15 affecting pulmonary arterial pressure, systemic blood
oxygen saturation, and the distribution of the blood transit tumes through
the lungs It appears from the work done so far that ! the pulmonary arterial
pressure decrease does not oceur in all instances, ? although the arteral O,
saturation often drops, this 1s by no means constant It is too carly to comment
on changes in the distribution of blood transit times These studies were set
up as a test of the hypothess formulated by Liljestrand and Euler, namely,
that 1n poorly ventilated alveoli, the blood flaw is reduced as a result of vaso-
constriction cansed by the low O; tension We cannot yet make a defimte state-
ment about the operation of this ** protective’” mechamism ; 1t might be in\'ok(fd
jn some cases as demonstrated by a drop 1n pulmonary artery pressure and in
avterial Q. saturation, but n other cases with simtlar or worse degree of
disturbanees 1n ventilation/perfusion relationships, it cannot.

Dawes I will be very brief There are only two points I want to make

The first 1 to confirm that, m very few experiments as yet, acetylcholine
asodilatation n the 1solated Iamb’s fetal lungs T stress the rola-

oes cause v g :
a her previous experiments, show that the pulmo-

tion. These, as well as many ot
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nary vessels unquestionably have tone, although they are separated from the
central nervous system

The second point is to ask you a question about your extremely stimulating
observations on the Eisenmenger complex You showed that the pulmonary
arterial pressure did not fall when you injected acetyleholine, and you sng-
gested that this was not due to an mnereased flow through the hole somewhere
m the myocardium or great vessels, because there was no change i the sys-
temie arterial oxy gen saturation,

Do you know whether the oxygen saturation was a suffictently senuitive
index to be certam that there was no change 1n the relative volume of blood
flow throngh a shunt?

Woop. I think so If you put acetylcholme nto the descending aorta n a
patent duetus with severe pulmonary hypertension, the arterial oxygen satura-
tion m the descending aorta falls very nrcely, demonstrating an nerease m
shunt reversal as the systemie peripheral resistance falls
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The Change in Pulmonary Vascalar

Resistance Alter Relief of Mitral Obstruction

By WiLLiay Likorr

Tm: PAST DLCADE has witnessed the establishment of surgieal techniques to
correct certamn acquired heart defeets particularly, and most pertinent
to this diseussion, that which impedes the flow of blood across the mitral
orifice During this same interval a more precise methodology has been per-
feeted to record eardio-pulmonary hemodynamies The concomitant avmlability
of deviees for correction and measurement has quickened the opportunity to
redefine our concepts concermng certain eardiae lesions

The present otudy which records alterations 1n the ealenlated pulmonary
vascular resistance after surgery for mitral stenosis is an carly, incomplete and
perhaps inexpert exploitation of that opportunity. It meludes references to:
(1) The normal values of pertinent cardio-pulmonary dynamies, (2) The
pathophywiologie patterns which develop in mitral stenowis and their devolu-
tiopary sequence, (3) The definition of ““‘relief of mitral valve obstruetion™,
(4) The manner in which “*rehief”” alters the pathophysiologic patterns par-
ticularly the caleulated pulmonary vascular resistance, (3) The factors wiieh
may regulate these responses, (6) The deterrents to establislung specific con-
clusions

NorMAL VALUES OF THE PERTINENT CARDIO-PULMONARY DyxAMICcS

The hemodynamie data which have been found most useful in appraising the
significance of mitral stenosis are illustrated in figure 1A These determina-
tions require smultaneous right and left heart eatheterization which can be
accomplished without sertous morhndity

Tug ParnornysioLoctc PATTERNS oF MiTrAL STENOSIS

It 1s reasonable to expect that the abnormal physiologie events which arise
as a result of mitral stenosis mature in sequence At least the exammation
of patient material reveals gradations of physiologie detertoration which ap-
pear to form the compenents of a basie desolutionary pattern

The simplest deviation which arises i response to a reduction mn the size
of the functional mitral onfice 35 an Increase 1n the Jeft ventrenlar fillmg
pressure gradient As seen in figure 1B this may even exist though the remain-
ing hemody namie values are quite normal. In the next succeeding stage of the
physiologic derangement this mereased pressure gradient is accompanied by

e
The cathelenzation studies for this report were performed at the Brith Sholom Cardto
Hahnemann Medical College and Hospital, Philadelphta, Fa. The de-

onary Laboratory,
pulmonary the Rindness and cooperation of Harry

fuls of these studies were made avaable through

Gotdberg, M.D., Laboratory Director.
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Progresaice stages of pathophysiofogsc response to mtral ohstrartion ay Mustrated
by several patients with mereasingly severe mvoliement
Normal valses of peryinent eartho pubmonary dynamies
An of the eatliest pathophysiologic response fo mifral obstruction which 2
charnetenzed by an abnormal left ventruular fllmg pressure gradient (Patient ¥ K )
Deareased mtral valve flow 1 the second stage of the pathophysioclogie devolutionary
Patiern of mutral atesioms { Patent H My
Elevation of left atnal and pulmopary artery mean pressures in the third stage of
pathophysology (Patwent M J)
Only carding output yemans normal at rest w the fourth stage (Patient € M)
Hemodynomie data siustrating the most adsanced pathophysiologie pattern (Patient
M MG
An advaneed, 1f oot terminal, pattern wmarked by a swali pressure gradient and a
reduced mitral salve flow.
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a fall in blood flow aeross the mitral valve (fig. 1C). The third step is charac-
terized by eonsiderable elevations i the left atrial and the pulmonary arterial
pressures (fig 1D) The calenlated pulmenary vascular resistance then rises
beyond normal limits (fig 1E). Finally cardiae output falls The exceptional
variations from the normal which may be encountered in this Jast stage are
lustrated in figure 1F°

This arbitrary classifieation does not imply that the most advanced abnor-
malities in hemedynamics are initiated only by extreme mitral valve obstruc-
tion Multiple and obsenre factors in addition to the extent of the anatomie
distortion conspire to motivate the exact pathophysiologic response It has been
amply indieated 1 the prior discussions that this partieularly applies to the
caleulated pulmonary vascular resistance

Revick of MiTraL VALve OBSTRUCTION

To averd compoundmg confusion it must be stated eategorically that mitral
commissurotomy and ‘‘relief of mitral ohstruction’” are not necessarily syn-
onymous Ilence an inquiry 1nto the ehanges noted in the caleulated pulmonary
vascular reswtance after surgery cannot be extended to all who have been
operated but must be limted to those m whom a standard of accomplishment
has been realized

Two different criteria define that standard. The first has been suggested by
the surgeons Tt holds that the valve obstruetion has been removed when the
orifice pernuts the passage of two ordinary fingers Since no reference 15 made
to the dewtred tmprovement in valve funetion this definition is more incom-
plete than unreasonable

The second defimtion insists that there 15 rehief of the obstruction only
when the two basic hemodynamic deviations which indieate the presence of the
stentosis 1 the first place are corrected Thus the functional size of the orifice
may be eonsidered satisfactorily restored when the left ventricular filling pres-
sure gradient has been reduced significantly and when the mitral valve flow
has heen returned to normal These criteria are applicable to patients m whom
the pressure gradient mitially 19 at least 12 mm Hg

In the more advanced pathophystologic patterns where disturbances m
mitral valve flow are more significant than large pressure gradients (fig 1G)
“relief’’ is considered accomphshed if that flow becomes normal

It 15 possible to satisfy both the surgieal and physiological eritena (Fiz 21\2
However 1n many instances the hemodynamies fail to support the surgeon’s
claim that the stenosis has been corrected An example of such a result 1s scen
in this patient in figure 2B A low mitral flow persisted 1n spite of the in-
creased size of the valve orifice Experience such as this suggests that the ex-
acting physiological eriteria are a more adequate measure of the rehef of
obstruction

Tue REspoxse 10 RELIEF OF OBSTRUCTION
The 1dcal response to mitral eommissurotony 1s seen n Figure 2C The

preoperative caleulated pulmonary vaseular resistance was not elevated
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Fig, 2 —(ALliressations the same as 3 fignre 1) Effect of surgery on phywislogie functsous
in ;% pateents,

4 Physwlogic data eonfirrmng the fart 1ht matrat ohstruetion way veheved,

B Physlogie datt mdwating o fow mytral valve flow and benee the fmlure to reliere
stenoss

€ An 1deal vesponse to outral eommyvsurotony

D An sttustration of the farlure to return caloulated pulmonary vaseolsr rewstinee to
farm
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The return of ealeulated pulmonary vasewhr resistunce 16 narmal aftor rebef of stenosis
F. A nse m caleut ted pulmonary vascwlar remst ince following witral » pnnnssirotamy

The mitral vabie olntruction was constdered relieved aceording to both
<urgival and physologead standards m the patient lintrated 1 Szure 2D
However although the abmormal caleutated pulmonary vasenlar resitance
which existed prior to surgers was rediced it eontinued to remain elevated

Fogure 2E demonstrates an adewuate rehef of stenosis 1n that the vajve flow
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returned to normal. Tn this mstance the caleulated pulmonary vascular resist-
ance also fell to within normal hmits.

The last of the preoperative and postoperative comparisony records a rise in
the calenlated putmonary vaseular resistance even though the left ventricular
filling pressure gradient was reduced sigmficantly and the mitral salve flow
became normal (fig 2F)

From these results it is elear that ealeulated pnlmonary vaseular reststance
may he variously influenced when mitral valve obstruetion is relieved. If
normal prior to surgery 1t generally remams at that level, However, if elevated
it may fall, return to normal or actually rise

Facrors RuouLaTiNG RESFONSE

Theoretically functional influences, organie vascular changes or a combina-
tion of both have heen held responsible for unusual pressure gradients aeross
the pulmonary eirculation In those patients in whom the ealenlated pulmo-
nary vaseular resistance falls to withinr normal hmits following commissu-
rotomy 1t 19 consistent with current views to attribute the response to a sub-
sudence of the funectional element Conversely when the resistanee falls but
continues to remain signifieantly elevated 1t is a reasonable contention that
organie vascular changes account for the continuing abnormality Finally, the
explanation for a rise in caleulated pulmonary vascular resistance may be
predicated upon the thought that the funetional element is aggravated by the
increase in pulmonary blood flow which develops after the relief of the mrtral
valve obstruction

DETERRENTS TO SPECIFIC CONCLUSIONS

The catheterization studies ineluded m tins report were performed 4 to 16
weeks after surgery The full hemodynamic benefits from mitral commissu-
rotomy generally are demonstrable within such an mterval Neivertheless the
available material permits only Immuted conclusions

The deterrents to broad, categoric views arise from deficiencies in basic
knowledge It has been theorized that the persistence of abnormal pulmonary
vascular resistance after relief of mitral obstruction results because of organic
vaseular ehanges However a final statement actually rests with repeated
angiographie and pathologic correlations which are not yet available

It also has been inferred that *‘functional”’ factors which mfluence the pul-
monary cireulation may account for the fall or rise in resistance when the
miutral obstruction has been abolished However the exact wdentity of these
¢ functional’’ mechanisms and the physiologic events whieh awaken or retard
their effect on the pulmonary circulation actually are quite obscure Questrons
in this parameter are related to the role of active pulmonary arterial vasocon-
striction and of passive vascular distention They also concern the problem
of pressure-volume-flow relations m the contrasting structures of a normal and

2.
ab!(l)(:]l'll;": llu;uiéication of these moot ponts will expand the usefulness of this

demonstration of the various physiologic responses to the relief of mitral valve

obstruction
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DiscussioN

Doxawp I would Iike to show briefly our findings two years after what was
considered by the surgeon to be a successful mitral valvotomy There was a
very considerable reduetion of resting pulmonary arterial pressure after opera-
tion Although there was a striking reduction, the levels of pressure achieved
were still above normal 1n most cases There was a strmilar fall i wedge pres-
sure 1n the majority of cases although many patients with excellent or very
good results still had abnormal wedge pressures even at rest The marked de-
crease in pulmonary vascular resistance mn the patients with mtial hgh
resistances was very strikmg Figure 1 relates the degree of fall in pressure

o PRE-OPERATIVE
o POST-OPERATIVE

g
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Fi¢ 1 —Indimdual changes 1 pulmonary vascular resistance snd mean pulmonary wedge
Ppressure after mitral valvotomy

behind the mitral valve and the reduction i pulmonary vaseular resistance
It will be seen that these go hand in hand in those eases with mtially m-
creased pulmonary vascular resistance It would appear therefore that al-
though an merease 1 wedge pressure does not necessarily canse an inerease
m pulmonary vasenlar resistance, a reduction of wedge pressure after valvot-
omy 15 almost always associated with a considerable fall n pulmonary vascular
resistance.

Our findings during exerewse after operation are not quite so satisfactory
Some of you may remember that i our 6 month follow-up after mitral
valvotomy we were disturbed to find that although the pulmonary arteral
bressure was considerably reduced at rest, there was still a marked rise i pul-
monary arterial pressure and pulmonary vascular resistance during exertion
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We feared that such patients may be able, without the handieap of dyspnea,
to place an cven greater overload on the rizht ventricle during repeated
exertion every day We found that, although the pulmonary arterial pressure
¥ on the whole reduced during exercice, even the patients with exeellent
and very good results still showed highly abrormal pulmonary arterial pres-
sures during exertion  Hach patient exereised at the same level before and
after operation

The pulmonary vaseular resistanee during exercise after operation was also
highly abnormal m many eases partieufarly those with excellent aud very
goad results A number of these eases also shawed a shgzht merease of cardiac
output response to exercise after operation and as a result of this, work of
the right veutricle during exertion was but little altered hy operation Never-
theless both climeal and eleetrocardiographic studies of these patients two
sears after mitral valvotomy showed no evidence of mereased right ventricular
hypertrophy or enlarzement The reason why these patients do not experience
right ventricular embarrassment despite the marked overload during exereise
may be the fact that we found, to our surprise, that the resting cardiae output
was significantly reduced m the majority of patients, including all those who
had the most satisfaetory resuits The cominmation of a moderately reduced
pulmonary arterial pressure and reduced resting cardiac output results
the resting rght ventrienlar work now bemg within pormal hmits m most
of these patients (fig 2) It would thus appear that, prosiding the right sen-
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tricle is not under stress durmg long periods of rest which occur m normal
everyday life, then it ean cope with a very considerable inerease m work
during periods of exercise

(I wish to thank my colleagues Drs J M Bishop, O L Wade and P N
Wormald who collaborated n thus follow-up )

Dexter: I am sorry that I do not have a shide Our experience 1 hmited 1n
this regard, but it has been rather uniform When the valve has been satis-
factorily opened, pulmenary vascular resistance has mdeed fallen, as Dr
Donald has shown Iigh resistances fall very rapidly In two weeks, they fall,
not to normal, but very dramatieally After six months to a year, they have
usnally been essentially normal However, in those whose valves have not heen
opened satisfactorily and in those who have had mitral insufficiency develop as
a result of the operatien, the pulmonary saseular reswtance may remain ele-
vated or even go higher

So it seems to me that our experience has been very much like Dr Donald’s

Bay 1 would hike to speculate for a moment on the very mteresting ques-
tion raised hy Dr Donald, namely, *‘why does pulmenary edema develop
more readily in patrents with mitral stenosis and low pulmonary resistances
and relatively normal pulmonary arterial pressures on exercise?’”

The work of the left auricle 1n the presence of mitral stenosis 1s made up
of three compenents

One, of course, 15 the work of the auricular museulature 1tself, whieh, in this
case, does not need to be consdered because most of his patients that devel-
oped pulmonary edema were fibnllating and, m any case, the situation was the
same in the two groupy

The second eomponent of the left aurienlar work 15 the potential energy
stored therein by the preceding left ventricular beat with s regurgitation
of blood and pressure This factor 1 presumably the same w the two groups
and we can disregard 1t

The third factor of left auricle work mn mitral stemosis 15 the potential
energy stored there by the right ventricle Presumably the ones with the low
pulmanary arterial pressure and the low pulmonary resistance could, by dila-
tation, produce a great ncrease 1 tlus factor of left auricular work with a
tremendous inerease in left aurievlar pressure as opposed to those whose
pulmonary arterioles could not dilate A very small increment of activity on
the part of the patients in the presence of mitral stenosis requires a great in-
erease 1n left auricular work to get blood through that narrow orifice, espe-
cially with the shortening of diastolic time that comes with mereased heart
rate Do you hold to that, Dr Donald?

DoNaLp That might be so, Dr Bay The problem of pulmonary edema i
mitral stenosis remains largely unsolved

I do feel that more attempts should be made with modern techniques to
define the pressure-volume relationships in the left atrum and pulmonary
vens in the various stages of mitral stenosis Differences of pressure-volume
relationshipy such as must oceur between the undilated hypertrophied atrium

n smus rhythm and the widely dilated fibrillating atrium, may have a eritreal
effect on the true pulmonary capillary pressure

e,



310 PULMONARY CIRCULATION

Dex7er. T would like to say a word about the effect of low and lugh pulmo-
nary vascular resistance on the produetion of acute pulmonary edema

T have a very defimte impression that those who have a low vaseular resist-
ance develop edema promptly timewise, with elevation of pulmonary capillary
pressure.

Our experience has been that in those who have a very high pulmonary
vascular resistance, a high pulmonary ““capillary”” wedge pressure of 30 to 35
mm Hg may bhe present for 2 or 3 hours as a result of tachyeardia before
clhinical pulmonary edema appears When therapy is instituted, it may take
2 or 3 hours for pulmonary edema to disappear after the pulse rate returns
to normal

I cannot Lelp but feel that the time necessary to preduce pulmonary edema
at a given elevation of hydrostatic pressure mn the pulmonary eapillaries is
short in the absence of pulmonary vascular disease and prolonged m its
presence
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Dexter: I would Iike to say a word ahout the effect of low and high pulmo-
nary vascular resistance on the production of acute pulmonary edema,

I have a very definite impression that those who have a low vaseular resist-
ance develop edema promptly tumewise, with elevation of pulmonary capillary
pressure

Our experience has been that in those who have a very high pulmonary
vascular resistance, a high pulmonary *“capillary’” wedge pressure of 30 to 35
mm Hg may be present for 2 or 3 hours as a result of tachyecardia before
clinical pulmonary edema appears When therapy is instituted, it may take
2 or 3 hours for pulmonary edema to disappear after the pulse rate returns
to normal

1 cannot help but feel that the time necessary to produee pulmonary edema
at a given elevation of hydrostatic pressure i the pulmonary capillaries is
short i the absence of pulmonary vascular disease and prolonged in 1ts
Ppresence.
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