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PREFACE

A sertEs of lectures which 1 gave m 1944 on pulmonary ederna
and inflammation resulted in the p fon of a small
{1).* They resulted, too, in systemnhzmg and clarifying my deas
concerning 2 number of chmical condiions frequently met, but,
because of the highly specialized structure and function of the langs,
hard to understand The lectures recounted research experience
and correlated material which went back to 1921, when, at the
request of Francis W Peabody, 1 devised and, with the help of
Herrman L. Blumgart, carried out expeniments to demonstrate the
readiess with which stasis of blood in the tung capillaries excludes
air from the alveol

Durmg the ensuing years, mded Ly many students, 1 carried on

m my X y a series of exp directed at explaming and
esaluatimg physiol 1y such freqy chnical experi as ob-
struction 0( the pulmomry artenes and vens, the production and
removal of dates and exudates, the of air into the

lung, eapulianies, and other chinical ymblcms All of the numerous
experiments were performed on anesthebized ammals. They neces-

sitated the creation of new methods for exposing and 7
the different pul y vessels, for separati and Hectd g air
from the tso Jungs, and other technical hith

accomphslxed only upon an\mﬂs thl\  open ! chests and under ati-
ficral resp ~very diff d: from those

eusting n paturally breathing animals with closed chiests.

These efforts seem labored and artificial compared with tech-
mques available today, when catheterization of heart and blood
vessels is readdy accomplished in anmmals and i man, and without
the necessity for anesthesia. Yet I beheve the results we attained
have been perfected, not superseded, by this Jater work.

It was my purpose in a second series of lectures, given during,
“Sée Refesences, Chapter L
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the spring of 1950 at The Medical College of the State of South
Carolina, to extend what I had presented in 1945, utilizing for this
purpose data obtained by many investigations during and since
the war on animals and on man. These lectures, in their turn, I have
assembled and amphfied into the present monograph; and since
much of the material presented is under active discussion and re-
search, X have tried to write informally and suggestively, as is appro-
prate to an effort designed to give impetus to thinking.

In planning the lectures, I was guided by what I considered the
basic structural components of the lungs for accomplishing the
constant adaptations which occur during breathing. One begins,
naturally, with the arteries; then considers the veins and capillaries,
next the bronchioles; the nerves; and, finally, the lymphatics.

T have avoided discussion of gas exchange, except in so far as it
applies directly to our problem, This may be an error; but an at-
tempt at its consideration would extend unduly my primary objec-
twve of considering adaptive reactions in the lungs themselves, and
not the effect of these reactions on the whole body.

It is my experience that, as a person grows older, he develops 2
wholesome reluctance to speak about subjects still very much under
judgment and research, unless fortified by personal efforts in the
field. For what follows you may be sure I can say with old P]ySSeS,
as he reviewed the past, “I am a part of all that I have met.

Falmouth, Massachusetts Cecm. K. DRINKER
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THE PULNONARY ARTERY AND ARTER‘OLES
INFARCTION: SNHERENT REGULATION oF BLOOD FLOW

The l’n\mm\ary Artery and Ar\erm\es

r‘.‘m: puratONARY artery o0SES from the teft side of the ¥ of th
nght yentricle 2% passes U 4 back for @ dwide
into nght 4 left brd! o diamete? of the main v aver-
age! m , shghty £ an t of the 20T woll of the
artery 1 aratvely © an, With lastie tssUe e maim § ructurd!
ormponer s 15 918 1e of the b es S oth S e 154
course, P ent and i ostiondily fuad e 1 GIOW % 1 the s !
vessels, but the do nssue l\\m\\g\wut termn
1 most imP* ant. M Kin {2) strat at the pronch
tengthen ¥ full anspre® 1om, & ince the artenes any
the roncht Josely, 1t <ential that they fotlow bro™ 1 changes
smoothly el winch ot T dity ere the
artenes the highty muscy! anzed we e systeri© ar
eulation T pub e a ats brd he: uﬂ!\\cd by
Yoth vagus Aetic nerves but, so 21 Jefimt effec
resttng ¥ mtraction @ com ed, these 2y of Httle
consequences cobably sty erel

T sdenng the TegW ation ood flov throug® the lungs
confusion s amset facts which sharactenz® th systemic
arcutatio’ mrcu\'\ho“ 1 organt a senes o
shumts, ¥ jects emg 10 provt e Oty od to tissues
which are a¢ Thus, 2f one P& rora 1est 1t v\\ysma\ actwity

runming, ample: eneral constrict vessels he ab-
Jomen occurs, With nitant 0p¢ mg, £ arteries an¢ ilaries
m the uscles TS adaptation ¥ Brough o Yarge de6re® by
nervons g he Wngs: th other W xe quite unform
{n struetwt® No one part 8 advantageovs o ther for pmvxd-
g, oxygenatic and all part 2 nly the walls

of the D , saving o
of the large vessels and bm“c\u,\m\'e an avalable sup
3



from ¢, alveojyy air, ermorg, ¢ ung tissue | slight yse,
Ygen, the diffug, f OYygen ay, 0 dio, tiween g4y

and blooq by '8 & proce, qutirmg Penditure of In

physmlogy 1 dan ey, Ise tele, ogi Feasoning, but § gng

it very d to g0 What aq tage Would p, ered by centry|}

controlled . n, Pulmop, essels wh Tesulted

n sh Dhing ¢, blo and clog; off an.

m

u € part of 4, e Iung,
other, Y view, the ntegration of the bloog flow throug), the
lungs With the needs of g, body 4 achieyeq by the Structurg of the
Iungs themseres, 10t by anys comp]en’ty f centray Tegulation,

This dogg not Ptilmon, i
7€ incapae of Contractyop 70r that ¢he aMmounts of blood gy, the
same throughout the lung tissue o blood Vessels Possess Sufficient
Smoot) Muscle ¢, bring about Constrieting and to Sustam j¢ againse
the force of right Ventreyl,, COntraetior, In COmmonp allergic
States, ¢ is nescapab)e th. 'esse,
the bronchiole& In certyyy, Ammalg strong ang Persisteny COntractions
resyj from mtmvenous Mectiong of foreign Proteip, Thus, if one

ar
that j, they are inhereny in the Tungs themselypg and are pop de-
s

e

In additioy, 4, the pol, onary tery and 6 bmncbcs, the lungs

Possess Systemijc vessels, the bwnclual arterjes ap, Capillarjog These
A ade o r

In, Mormal man of 7 .
of aboye 6,000 cc., the puIrnonary artery, mpxllanos, and vejng con.
tam 5p9 to 1,000 f blood This volume ﬂuetuatcs, bccommg

i 4 TCIS g
blood volume may be one-fifth of the total blogg volume, op in the
normajf man, 19 ce
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By wvirtue of their large capacity and their extreme elasticity, the
lungs are an important potential reservoir of blood. Thus, 1f cardiac
inflow 15 hugh and the left ventricle becomes unable to evpel the
large volume of mcoming blood as fast as 1t 15 provided, blood may
accumulate n the lungs, to be slowly emptied out as the heart
becomes able to deal with 1t One of the handicaps to physical
work experienced by patients with emphysema 1s due to dummution
n number of the lung capillanies and loss of lung elasticity, so that
the patient is deprived of the beneficent reservorr effect so definitely
present in normal lungs.

The pulmonary capillaries offer a vast surface for gas diffusion,
about 140 square meters Three to 5 hiters of blood traverse these
vessels each minute, and this amount readily reaches 20 hters durmng
hard exereise It 1s eshmated that each corpuscle passes throngh the
pulmonary capillanies m one second, a figure which must vary
markedly in different parts of the lungs at the same moment, but
which probably becomes increasingly uniform as cardiac output
rises.

Figure 1 15 a diagram showing the arrangement of the vessels
m a lung lobule The pulmonary arteries are closelv associated with
the bronchy, and branch to follow cach bronchiole until a respiratory
bronchiole 15 reached and capillary nets begin to appear The final
ramufication 1s over the alveolar surfaces, where the venous net
begms The lung capillaries have scarcely any individual length
They form a close-meshed net, the mesh of which 15 often less in
diameter than the capillanes which form it (Figure 2) Through this

net the red cells pass as a thin sheet over the alveolar surface A
network very similar to that in the mammal 1s found 1n the lung of
the frog, where it may be observed microscopically under very
normal conditions

The blood corpuscles pass through the eapillanes usually 1n smgle
Ime and often underggo marhed deformation as they twist around
comers The elasticity and ductihity of the blood cells 1s ordinanly
not reahized If the cells are stiffcned even shghtly, as by brief
mmmersion in dilute formalin, they at once block the flow of blaod
and death ensucs. The deformation and return of a corpuscle to
normal shape are shown i Figure 8 from a motion picture film
made by Krogh (5) In discussmg the elastiaity of the blood cells,
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Fictre 3 The deformation and zeturn to normal shape of a red ccll passing
. v w e e R

Krogh powts out that corpuscles frequently pass through filters
which hold back far smaller particles, and that this abdity to slip
through small holes—smaller indecd than the diameter of the cells—
is probably an mmportant factor m the passage of red cells through
the intact walls of capillaries. This passage of red cells through
capillary walls wvariably occars when blood flow i a capillary
stops or 1s much slowed. Little or no pressure is needed to bring it
about, and there s no actual hemorrhage as evidenced by masses
of cells ontside the vessel wall. Corpuscles pass through without
permitting leakage of plasma, much as a needle may be pushed
through a film of gelatin withaut in the least affecting the integrity
of the film.

‘The pressure in the pulmonary artery and its larger divisions is
not high. Many figures for this are available both in animals and in
man, Using catheters passed into the artery, Riley and his associates
(6) obtained typical figures for three normal men between 26 and
36 years of age. Mean pulmonary pressures in these men while at

rest averaged 13 mm. of Hg: - ,~b{acbia? P " . res, taken
simultaneously, averaged R-. <~ Similar % o have
been made by many othere Is must, . estab-

A



Ficure 2 Reconstruction of a network of capillanes
m the walls of an alveolus (Fiom Miteer, WS, The
Lung, 2nd ed, Fig, 62, p 76 Springfield, I, Charles
C Thomas, Publisher, 1947 )
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Iished, but what imnterests us far more are measurements of the
degree to which the pressure may rise or fall 1n normal persons
durmg familiar expenences and in subjects with diseases of the
heart and lungs Contrasting with the values for rest, exercise 1
the three men cited abovc produced a shght lowering of pulmonary
artenial pressure—a mean value of 10-11 mm of Hg as against 13
mm at sest This probably evpresses the fact that the pulmonary
vascular bed of the normal lung enlarges duning sncreased breath-
mg to a capacity overshadowing the cardiac output, and the lung
vessels are thus not subjected to the stram experienced by the less
expansile systemie group. If everaise 15 accompanied by anoxia,
as may often be the case, a different result ensues Motley and his
collaborators (7) found that acute anoxta, induced by breathing
10 per cent oxygen m mtrogen for short peniods, caused a umiform
increase m the mean pulmonary arterial pressure of five normal
subjects of from 13.1 mm to 23 mm Hg, with a rapid fall to normal
when the anoxia was rehieved Pulmonary hypertension occurring
as a partral result of anovia—for example, 1n extreme exercise—~is a
frequent expenence of man.

Expeniments upon anesthetized antmals with chests closed and
breathing naturally confirm the above finding (8), and have added
the fact that inhalation of pure oxygen causes pulmonary artenal
pressure to fall, a matter of some importance when considering the
effects of oxygen mhalation i cardiac failure and in asthma

Pulse pressure in the pulmonary artenes is usually higher than
the mean pressure, an expression of the very low resistance offered
by the lung vessels Al of these reactions are direct effects upon
the smooth muscle in the pulmonary vessels They are thus inkerent
in the lungs themselves So too, the regulation of blood flow through
the Tungs—a flow which changes smoothly with the needs of the
mdn idual—is inherent m the general structure of the lungs and m
the amount of blood supplied by the right ventricle It does not
depend on nenvous effects exerted withmn the lungs themsehes

There 1s a paint which should be made here In spite of the great
clasticity of the Tung vessels, mcluding the capillanies, it is true that
shen the left ventricle fals to deliver all the blood coming to 1t~
and this 15 somethmg which oceurs briefly i normal persons sub-
fected to exeeswve physieal effort-—pressure in the pulmonary artery
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the pparatus. They, brealhing Was accomplishaq by the increasing
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llIDmlprs o) b and poq, lted ,py Ut mg crate



10 THE CLINICAL PH3SIOLOGY OF THE LUNCS

increase an breathing, In similar experiments by Gibbon and his
co-workers { 10), until almost 60 per cent oeclusion of the pulmonary
artery was eftected, general cireulatory faduse did not occur. These
findings express quantitative results. Other investigations have

Freune 4 Clamp for applyng measurable

degrees of occlusion to Lirge pulmonry ves-

sels (From Haceant, CE, and \\'ALKEN,

AM  Arch Swrg. 1923, 6, 768, Fig 8.
shown that healthy ammals withstand even higher degrees of vas-
cular block—up to 70 and &0 per cent. ) .

Shortly after pulmonary mfaretion, pleurisy Is .frcqucnf"l,"f’?:‘f;
may be the single complaint of the patient. This is due M:Jf 1:"1 o
that blood soon escapes Into some of the alveoli insolved; at

the smfarction is near the lnng surface this bloed often reaches the
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Though there can be no doubt that the part of the lung supphed
by the occluded vessel tends ta become sohid and anless the rate at
whuch this happens varies markedly in different paﬁent;. The tend-
ency is toward the establishment of a typical, sold infaret, such
as the pathologist delights to demonstrate at the autopsy tabl'e but
often the expected result 1s mcompletely realized. ’

Ficupe 5 Diagram of method for

separating the air breathed by the two

lungs (From Cnwrcrr, ED, and

Acassiz, A Am ] Physiol, 1926, 76,
8 g 1)

I beleve some degree of reflection upon the situation will help
to explain what happens. The flow of blood through the lung capil-
laries depends upon the contraction of the .~ " ventricle and upon_

the movements of breathing If arter® . suddenly sl

the flow of blood, i spite of modes ~ed bre- *

slowed and corpuscles begin to pile - capiflaric

though connect! % vessels win heen *

lead blood mte & * 1 area, t! tow .
masses of visco Twybeq” 50 anc

blood piles up, blishing -t Th
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2 factor bearing upon the physical characteristics of these lesions.
There 15 another group of facts relative to the bronclual vessels
which 1s important These vessels in normal men are small n size
and vary in number Therr vanahility of cahiber 1s ordinanly not
great, but recently Licbow, Hales, and Lindskog (13) by mjecting
surgical specimens of human lungs have shown that in regions
about t hi cavittes the hial vessels are enlarged, and
that there is anastomosis with the pulmonary artenies m terms of
vessels often 1 mm or more m duameter Figure 7 1s a photograph
of part of & human lung 1n which the pulmonary and bronchial
artenics have been mjected, The tissue was removed at surgical
operation on account of bronchiectasis Two large vessels cross the
lower part of the illustration The upper of these 1s from a branch
of the bronelual artery, and the lower, about of equal size, 1s from
the pulmonary artery Both vessels branch and ramify over a large
bronet 1e sac which pies the upper left quadrant of the
tllustration  Anastomosis between these branches 1s seen at the
top of the lustration In fifteen of erghteen specmens of lung from
patients with bronchiectasis there was great enlargement of the
bronchial artenies and numerous anastomoses of these vessels with
the pulmonary artenes

An even more sigmficant observation of the ability of the bronchual
crrculation to replace the pulmonary flow 15 the evidence presented
by Gray and lus associates (11) that i chrome pulmonary disease
with anovia collateral ¢t Is between t 1 and p y
artenies partially overcame the anoxemia from venous blood shunted
through a poorly oxygenated lung into pulmonary veins This col-
lateral flow was very large and had a deeided cffect on the oxygena-
tion of the artenal blood

The normal function of the bronclual artenies 1s to provide vasa
vasorum for the pulmonary artenes and veins and for the broncln
The bronchial vessel effluent in the main enters the pulmonary ar-
culation Bruner and Schmidt (12) showed that the normal bron.
chial artery blood flow i the dog was about 27 cc per minute This
15 but a small fraction of the cardiac output In contrast, Bloomer
and hus associates (15) found that in dogs which surnvned higation
of one pulmonary artery for 18 to 20 months there was a flow of
blood through the bronclual artenies m excess of 900 cc. per minute
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This is so large & flow as to make it possible that in advanced
bronehiectasis pulmonary hypestension may oceur. But in this regard
Liebow and his co-workess (18) cite Cournand’s (16} evidence
that in man even the removal of an entire lung, with the necessity
that the whole cardinc output pass throngh the remainmg Tung,
does not result m hypertension, the capillary bed being so vast and
so easily distended as to accommodate olf the blood normally trav-
ersing both lungs without a nise in pressure. See also {17).

There is a final pomt relative to the bronchial vessels which is of
mmportance, and that is thew ability to react locally to irritation. The
bronchial vessels are distrsbuted widely to the pulmonary vessels
and bronchioles. Certamnly the latter are nghly susceptible to in-
f the hial raucous ) readily displaying
“reactive hyperemia” Whether this reaction, so fundamental in the
skin and mucous membranes, occurs within the Tung jtself~that
is, through the pulmonary vessels—I do not know. The fact that the
Tungs lack sensory nerves, cxcept in so far as they are plentiful
m the mucosa of the bronchs, makes it very probable that irritative
stmuli within the lung parenchyma fail to produce the typical
senes of events winch lead to mflammation, This is a matter to
which I wilf return Tater in the chapter upon the necves of the fungs.

Inherent Regulation of Blood Flow

Fumally, we come to the regulation of blood flow through the
Jungs There 1 suflicient smooth ruscle in the palmonary arteries
and arterioles to bring about strang and sustamed contraction, and
probably the endothebum of the pulmonary capillaries 1 a
tonic tendency to reduce m size, just as is the case for systemic

capillaries
Neither of these mstances of contraction is of great consequence

i the nonmal constant adjustments of flow which take place m the
lungs. ¥ we use the simple sllustratian of physical evercise, it will
perhaps elanfy my views. On passing from rest into work, the
heart beats more rapidly and foreibly. The systemic blood pressure
sises, Inflow of blood to the heart is greatly augmented. These
changes are due, first, to re uhtrorf throu . T.he fas.ter,
more vigorous heart beat is sion of 53 ‘st:mu?.nmn;
the increased blood pre  * expres - traction of
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abdominal vessels and the larger cardiac output. While local changes
due to acid metabolites, and possibly to histamine-like compounds,
take part in the totality of the systemme arrculatory adjustment, st
15 p 1, hi gulated through the central nervous
system Caincident with these circulatory changes, there 1s 2 marked
icrease in rate and depth of breathing These changes, too, are
mediated through the respiratory center and allied centers, where
stimuli anise as a result of chemical alterations 1 the blood and
where the smoothness of resp y adj t is ent d by
afferent stimuh from nerves 1n the lungs themselves

In my opnion, no similar regulation of the pulmonary circulation
exists, exeept in such rudimentary degree as to be merely a cunosity
of pamstaking expenment It 15 an obvious fact that as breathing
inereases m volume, as a result of exercise or of inhaling carbon
dioxide or from oxygen lack, the size of the lungs changes, there
bemg a prompt adaptive mcreasc n size accompanymg need and
a return to normal size when the need is past 1t is not difficult
today to measure pressure m the large pulmonary vessels, and to
learn something of the amount of blood m the lungs and of the rate
at which the blood goes through them. All of these variables might
he affected by vasomotor adjustments, but a number of more subtle
mherent arrangements govern the pulmonary circulation and any-
thing so strughtiorward as vasomotor regulation is far from the
mark,

Let me summanze the factors m the lungs themselves which
passively adapt these organs to alterations n blood flow necessitated
by systemic needs.

1, The pulmonary vessels are Inghly elastic and clastic tissue 1s

despread throughout the lung | hyma Tigure 8 shows the
clastie fibers surrounding an alveolar wir sac and Figure 9, the dis-
tobution of elastic fibers and smooth muscle on a bronchus,

The air in the Iungs, with unobstructed tracheal outlet, provides
a cushion, changeable m volume and at the same time altering hittle
m pressure The systenmue vessels possess no such flexible environ-
ment. There 15 a defimte tissue pressure outside of them.

2 The pulmonary artenoles are short. and the eapliany bed s an,

immense mesh m which ne smgle vessel as real length. This mesh
mcreases n extent and capaaity with mspiration, but the alveolar
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Frcune 9 Elastic fibers (fine Itnes} and bands of smooth muscle abont

alarge bronchus Semudugiammatic, (From Miren, W.S : The Lung,

2nd ed, Fig 40, p 53, Sprngfield, B, Chades C Thomas, Pub-
hsher, 1847.)

capilanies formung the net over the alveolar surface, and so in
relation to the alveolar ais, present the same opportunities for acra-
tion of the blood passing through them, whether the alveoli are
widely and wmversally open or whether, as during rest, some of
them recerve but little air and few capillaries conduct blood.

You noted, perhaps with surpnse, that the pulmonary arterial
pressure in three healthy young men fell stightly during exercise
Bat thus is not surpusing when you consder that as the respiratory
movement beeame larger the vascular bed also enlarged, and that,
even though the output of the nght ventricle mereased, the blood
passed through the wider circuit s0 readily that an increase of pres-
sure was unnecessary. Indeed, and advantageously, the reverse ve-
curred,

3. In spite of elasticity and adaptive eapacity of the hung vessels,
farlure of delivery of blood by the left ventricle means backing up
m the lung vessels, and under these circumstances, given a reason-
able competent nght ventricle, pressur e pulmona ery
will merease This increase will grada to the s
and will promote pulmonary edema
4. The regulation of lun quir

sg bo
is accomplished by the e \
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bronchi and by the smooth muscle of these structures, together with
bands in the lung parenchyma and under the pleural membrane.

1 doubt if any fact brings home the mherent ability of the lungs
to meet all that comes to them more vividly than the readiess with
which man continues to live quite competently after the removal
of an entire lung. It 1s true that such mutilated mdividuals must live
relatnely quictly, since they have lost so much of the vast margin
of safety which the huge lung surface provides them But they are
not helpless invalds, and even their greatly reduced lung volume
accommodates the mncreased blood flow of mild physical work
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1
THE PULMONARY VEINS AND CAPILLARIES
PULMONARY EDEMA

Tu—, pLoop dehvered to each fobe of the lungs is collected mto
vens, which, in tumn, unite into the nght and left pulmonary vemns
and enter the left auncle These vems lack valves and the umidiree-
tional movement of the blood they contain is due to nght y entnicular
contraction The fact that ovexfilling of the supenor and inferior
cavae and the night auncle causes a faster heart beat—the Bambndge
reflex—has led inv estigators to Jook for reflex effects due to stretching
of the pulmonary veins These have not been found The walls of
the pulmonary vems possess 2 well-developed media with cireular
fibers of smooth muscle, not unlike an artery.

Abrupt blockage of the pulmonary veins, similas to artenal em-
hohsm, seldom occurs In endocarditss mural thrombr on the wall
of the left auricle may extend gradually into the pulmonary vems,
and thus become a final factor in desperate illness

Churchill and Agassiz (1), workang with cats under sodm bar-
Iital anesthesia and with chests closed, found that complete oeclu-
sion of the left pulmonary vens was not ymmediately fatal to the
ammal In such an expenment the vessels of the left lung were filled
with impnsoned blood, yet in the supine, quescent animaf systemic
blood pressure fell but shightly, evpressing the fact that even the
large amount of blood isolated 1n the lung was countered by systemic
vasoconstriction, so that reduction 1n coronary Blood flow and hlood
supply to the medullary centers did not cause immediate death

Ocelusian of the nght pulmanary veins 1s more serious and proved,
w Churchil and Agassiz's cxperiments, fatal at once 1f the ven
clamp was hghtrncd rapudly At best, systemic blood pressure ch
abruptly and but short peniods of were
In Digure 10 the effects are shown of left and night vein occlusian
on systenme blood pressure The left veins were bloc\cd first and

after a ume released The more senons effects of right vein acclusion
are cvident in this figure

21
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Since ligation of pulmonary veins draining parts of the lungs had
been tried as a means for treating tuberculosis, Swan and Mulligan
(2} higated the vems from the right upper lobe in healthy dogs
The primary reaction was severe vascular engorgement and hemor-
rhage into the lung In about four months the hemorrhage was

on LEFT

on oFs on oFF
RIGHT
Figure 10 Tracngs of systemic blood pressure showing
effects of the occlusion of the nght pulmonary vetns (lower
curse) as contrasted with the usual effects observed when
the vens from the left lung (upper curve) are occluded
by a clamp Redrawn from systemc blood pressure trac-
mgs (From Cponecniet, E.D., and Acassiz, A Am. ]
Physol , 1926, 76, 17, By 8)

absorbed, collateral venous chanmels were established through
adhesions, and the lobe was apparently on the way to complete
functional competence Lagation of the veins to the right lung was
fatal. These findings are of nterest in showing the ability of a lung
lobe to become functionally normal even after severe mutilation

Mean pressure in the pulmonary veins during inspiration is. 0
or subatmospheric At full expiration, L positive
but is low.

Histologueally the lung capillarics are not distinctive, except in
sa far as they are grouped nto an extraordmnanly extensive and finc-
meshed net, The net 1s coarser Just under the pleura and adjacent
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1. . N . .

s not attain
. ney to net
body; but
. . R . to muscle
cells have very definite length before uniting with their fellows or
enteting a small vein Capillaries, such as those in muscle, serve
tissue which varies markedly in bolic rate between
of rest and work. It is in such tissues that dilatation and contraction
of capillaries 1s prominent; and, as one would expect, these changes
are most marked at points where camllanes ongmate from arterioles.
Given a loose long-meshed net, change in caliber of capillaries at
thetr pomnts of origin from arterioles will be maximally efficient in
affecting blood flow through the tissue In the lungs, on the other
hand, close-meshed net formation with extensive comrmunication
between nets from lobule to lobnle, while providing equal oppor-
tumities for distribution of blood over alveolar surfaces, does not
lend stsclf to regnlation of blood flow by capillary contraction and re-
laxation Mieroscopic obscrvations of mammahan lungs have shown
pillarics at one tine cond 2 blood and at ancther time without
blood flow (8). These findings have been interpreted as meanng
mndependent contractile ability, but require further confirmation
before any such regnlatory function is granted Other direct obser-
vations (4) deny any regulatory function of blood flow to the eap-
illanies, though admitting wregular changes m blood flow during
observation

Pulmonary Edema

In spite of displaving nothing distinctive histologically, eviden
slowly A that the endothel of the lung capillari
possesses very dhstinetive physiologieal properties \When alpha-
naphtly! thiourea (ANTU) is given to a varicty of mammals and
to frogs, #t causes pulmonary edema (5. This result has been
shown to bie due to an merease in permeability of the lung capil-
lanies, which—without showmg, any breaks in their walls~leak
plasma mto the lung parenchyma and 1nto the akcoli, so as to fill
the Tungs completely and cause death. No other eapillanes i the
bady are affected. This means some unique property of the Tung
vessels An equally distinctive and mystenious effect, agan con-
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fined enturely to the lung capillaries, has been described recently by
Cameron and De (6) While studying experimental hydrocephalus,
these two investigators made the surprising observation that when s
freshly prepared fibrin miture was injected through the foramen
magnum nto the cistern m rats and rabbits, acute pulmonary edema
followed in five to ten minutes. Again, as with ANTU, the lung
capillanes alone are involved, there being no edema in other parts
of the body. This evidence, together with other facts and assump-
tions relative to the action of nerves upon the permeahility of the
pulmonary blood vessels, will be discussed in detail in Chapter IV.

The very close relationship of the lung capillaries to the alveolar
air needs no e pull y arteries panying the
bronchi reach artenolar size and divide into scattered intercom-
municating nets as the respiratory bronchiole js reached. At this
point are found the first alveoli, and here gas exchange begins
It has been thought that as the bronchial mucous membrane reaches
the respiratory bronchiole it becomes a single layer of ?hte-h'ke

photomicrographs have been shown—practically invariably taken
from discased lungs—which display more or less complete rings,
consisting of a single Jayer of cells which have been pushed out
mto the alveolt by transudate or exudate from the capillanes. The
situation js particularly well ordered to separate capillary surfaces
from alveolar ai, and so to mterfere with gas exchange. In my
opinion, however, the bulk of most recent work (7, 8) is not 1
accord with the existence of a lining alveolar membrane. The alveo-
Iar partittons nndoubtedly contain cells in addition to those of the
capillaries, but they are not disposed 1 an orderly syncitmm From
the practical point of view, the facts are that when—through infee-
tion or from any ather canse—excessive fluid and solutes cscape the
capillarses, the partitions contaming them become swollen, and al-
most at once the abnormal flud enters the alveoli and oppases 2
thickened barmer to transfer of gases between pir and blood. ¥
transudation continues, alveolt first and then bronchioles bewn}c
blocked, and the process may go on until death from asplhiyxia

occurs.
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To function normally the lungs must be relatively dry. There is
Rttle room m them for anything except circulating blood and air.
The flow of lymph from the lungs 1s slight unless undue capillary
permeability exsts. This state of affairs follows inevitably from
the conditions which determine exchange of water between lung
capillaries and the tissue 1n which they reside No one has suceceded
i making direct measurements of pressure in (hese‘vesscls, but a

both up and down—with variations n the vigor of night ventneular
contraction, in the breathing, and finally 1n the position and general
condstion of the patient But under normal circumstances none of
these influcnces causes lngh enough pressure to mduce excessive
filtration and edema. Ths 1s because the colloid osmotic pressure of
the blood protemns, which holds water i the capillanes, 15 that of the
normal blood and has a value between 20 and 30 mm. of Hg The
escape of water into the alveolar septa 1s thus always shght, and will
not become great enough to cause lung edema unless an abnormal
nise i capillary pressure takes place, unless something increases the
permeahility of the capillaries, or unless there is serious depletion of
plasma proteins so that the collowd osmotic pressure becomes too low
to restrain the outward loss of at 1 of fluad

When the pathogenests of pulmonary edema was investigated
years ago by Welch (9), we were left with the conception that pul-
monary edema was caused by a disproportion between the contrac-
tions of the right and the left ventricle It was argued that if the left
side of the heart became unable to expel all the bload dehvered to it
through the lungs by a healthy night ventncle, pulmonary edema de-
reloped Tlus s true, but 1s not a generalization to be applied widely
Welch used a few ammals only~dogs and rabbits—and employed
artificial respiration with the chest open Left ventricular failure was
caused by compressing the aorta, by erushing the muscle of the left
ventricle, or by both pracedures The epeniments were limited in
number, were carned out under grossly abmormal conditions, and
have never deserved the attention pad them The measures used
may produce a brief peniad of stasis 1n the pulmonary capillarics, to-
gether with some increase i pulmonary artenal pressure But a bref
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period of congestion gives no more than very slight transudation
from the lung capillaries, particularly if the fungs arc ventilated by
artificial respiration so that anoxia does not occur,

Many experiments have been devoted to showing that obstruction
of the pulmonary vens with piling up of blood in the lungs causes
Iung edema. As a rule, these experiments have heen done with the
chest open, so that the vems may be manipulated, and under ash-
fieial respiration, much in the manner of Welcl's experiments, except
that congestion was produced by less devastating procedures than
gross obstruction of the thoracie aorta and mutilation of the left ven-
tricle.

I believe it would require a good deal of time to cause severe pul-
monary edema by mereased capillary pressure alone In dogs, if one
canuulates the right Iymphatic duct, it is possible to collect all the
Iymph produced in the lungs except a small amount from the left
upper lobe which enters the thoracic duct When the lung lymph is
flowmng from the right duct cannula—very slowly, as is normal for it~
compression of the pulmonary veins will at once cause the flow to in-
crease But the increase, though very evident, is‘ not otf figniﬁc:\r'lt
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restricted entrance mto the blood offered by the right lymphatic duct
causes lymph stasts, obvious pulmonary edema of conventional chat-
acter is not seen. Something more than increased capillary pressure
15 necessary to cavse edema

Many factors may be mvolved Of these anowa is promnent. Lack
of oxygen undoubtedly causes capiilaries to become somewhat leaky
all over the body, but anoda alone 15 never a cause of other than
slight edema I have often seen patients who have inhaled ].ow con-
centrations of carbon monoxide for many hours so that their hlo?d
has not been more than half saturated with ovygen during the entire
period If such patients survive, they may display cerch'ml Or(;msal
gangliar degencration but they do not develop generalized edema
during the peniod of anowia.

The effects of anovia alone n causing transudation from the lung
capillaries are shown n Figure 11. In this case the am‘mal.brcnth::g
pure oxygen dunng sbout an hour. The flow of lung Iymph increast
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pertod of congestion gives no more than very slight transudation
from the lung capillaries, particularly if the lungs are ventilated by
artificial respiration so that anoxia does not occur,

Many experiments have been devoted to showing that obstruction
of the pulmonary vemns with piling up of blood n the lungs causes
lung edema. As a rule, these experiments have heen done with the
chest open, so that the veins may be manipulated, and under arti-
ficial respiration, much in the manner of Welch’s experiments, except
that congestion was produced by less devastating procedures than
gross obstruction of the thoracic aorta and mutilation of the left ven-
tricle.

1 believe it would require a good deal of time to cause severe pul-
monary edema by mcreased capillary pressure alone. In dogs, if one

1} the night lymphatic duct, it is possible to collect all the
lymph produced mn the lungs except 2 small amount from the left
upper lobe which enters the thoracic duct. When the lung Iymph s
flowing from the night duct cannula~very slowly, as is normal for it—
compresston of the pulmonary veins will at once cause the flow to in-
crease. But the merease, though very evident, 1s not of significant
volume. Heightened capillary pressure and stretching of the vessels
do causc increase in the tissue fluid of the lungs, but this fluid enters
the Iymphatics rapidly and, until they are filled with lymph and the
restricted entrance into the blood offered by the right lymphatic duct
causes lymph stasis, obvious pulmonary edema of conventional char-
acter is not seen Something more than increased capillary pressure
18 necessary to cause edema.

Many factors may be involved Of these anotia is prominent. Lack
of oxygen undoubtedly causes capillarics to hecome somewhat leaky
all over the body, but anovia alone is never a cause of other than
slight edema. T have often scen patients who have inhaled Jow con-
centrations of carbon monoxide for many hours so that therr b]o?d
has not been more than half saturated with oxygen during the entire
period. If such patients survive, they may display cerebral or basal
gangliar degeneration but they do not develop generalized cdema
duning the period of anoxia

The effects of anoxia alone in causing transudation from the lung
capillaries are shown n Figure 11. In this case the ammal breathed

pure oxygen duning about an hour. The flow of Jung lymph increased
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shightly dunng that time The ventilation was then shifted to 8 6 per
cent oxygen in nitrogen The volume and rate of artificial respiration
was unchanged, An ncrease in lymph flow occurred, wiich stopped
abruptly when, at the end of an hour, ventilation with 100 per cent
oxygen was resumed and the lack of oxygen in the alveolar air dis-

T T
L oo »
M
L e \,_/—\}//\‘ FT-1
[ W 3
2l 430 5
z K
3 b u./,\/\
H 4
3
= ok 410
[ v/\/\ H
r g >
s 1 3
E o
] SNBSS, Jse
§ o} \ ]
& oh 0a% 0y ot o, 0% 8, o
o v 2 0 «
ouRs

Fiovre 11 Effects of anoua on pulmonary lymph fSow
and composition  Top curte, protem . lung lymph n
per cent Serond curce, lymph flow feom the lungs m
mithgrams per minute Third curve, systemic blood pres-
sure 1n milbgrams of metcury Louest curce, ot gen con-
tent of artenal blood n volumes per cent Between the
~ertica) ines artifictal respiration was shufted from 100 per
cent oxygen to a misture of 86 per cent ovigen and 914
per cent mtrogen  (From Wamneyw, M F, aud Drivker,
CK.. am J FPhysol, 1942, 136 212, Fig 4)

pelled It cannot be expected that all expernments will show the same
promptness of response to oxygen lack and the return to normal
when 100 per cent oxpgen is gren The expenment csted illustrates,
however, the usuaf trend of events,

Certamnly pulmonary edema in varying degrees 15 seen most fre-
quently in heart disease where compensation 15 faibng. In such
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period of congestion gives no more than very slight transudation
from the lung capillaries, particularly if the lungs are ventilated by
artifictal respiration so that anoxia does not occur.

Many experiments have been devoted to showing that obstruction
of the pulmonary vems with piling up of blood in the lungs causes
lung edema As a rule, these experiments have been done with the
chest open, so that the veins may be manipulated, and under arti-
fictal respiration, much in the manner of Welch's experiments, except
that congestion was produced by less devastating procedures than
gross obstruction of the thoracic aorta and mutilation of the left ven-
tricle

I belteve 1t would require a good deal of time to cause severe pul-
monary edema by mcreased capillary pressure alone In dogs, if one

lates the nght lymphatic duct, 1t is possible to collect all the
Iymph produced in the lungs except a small amount from the left
upper lobe which enters the thoracic duct. When the lung lymph 1s
flowing from the right duct cannula—very slowly, as is normal for it—
of the pul y vemns will at once cause the flow to in-
crease But the increase, though very evident, is not of significant
volume Heightened capillary pressure and stretching of the vessels
do cause merease 1n the tissue flwd of the lungs, hut this fluid enters
the lymphatics rapidly and, until they are filled with lymph a.nd the
restricted entrance into the blood offered by the right Iymphatic duct
causes lymph stasis, obvious pulmonary edema of conventional char-
acter 15 not seen. Something more than increased capillary pressure
15 necessary to cause edema. .

Many factors may be mvolved Of these anoxia is prominel
of oxygen undoubtedly causes capillartes to become somew b
all over the body, but anovia alone 15 never a cause of oth
shght edema I have often seen paticnts who have inhaled lf)“’ Co’;
centrations of carbon monovide for many hours so that their bloo
has not been more than half saturated with oxygen during the enlu‘i
period If such patients survive, they may display cerebral or lmsaa
ganghar degeneration but they do not develop gencralized edem
dunng the period of anovia

The effects of anoua alone 1n causing transudation from the 1;:25
capillanies are shown mn Figure 11 In this case the animal ‘Ivrcn!
pure oxygen during about an hour The flow of lung Iymph increas
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patients edema is usually of slow development, When mitral stenosis
is present, we ordinanily thuk that pulmonary arterial pressure is
heightencd and assume that capillary pressure is also raised. Neither
of these assumptions need be true, except to a mmor degree, pro-
vided the muscle of the ventricles 1s competent and the paticat does
not mdulge w an undue amount of physical work. But if too much s
required of the crippled heart increased transudation from the lung
capillanes will begin and very soon many alveoli will contam transu-
date. Even though breathing is increased, normal ovygenation of the
alveoh is not attained Indeed the hyperpnea is an expression of the
failure m pulmonary gas exchange,

Jt seems to me mevitable that, as ordinanly cncountered, anovia
and increased capillary pressure ocour together. Just as soon as pro-
termized transudate enters alveoli some degree of capillary anoxa is
experienced. The oxygen lack m tum increases capitlary permeabil-
ity and edema progresses,

Some years ago it was suggested, and shown through rather radical
measures, that undue negative pressure in the alveol could give the
pressure 1n the lung capillaries a value high enough to cause ab-
normal transudation That 15, if the capillary pressure was about of
normal value, 10 mm of Hp, and inspiration was accumpﬁshﬁd
. NN LI o . e

Toee e nf

caused dogs to breathe oxygen against mspiratory resistance for
several hours, but edema did not begin until breathing was shifted to
a mixture of 10 per cent oxygen, 85 per cent nitrogen, and 5 per cent
carbon dionide, this last being added to cause breathing to .be in-
creased several mes Under these circumstances the condition of
the ammal r d llent for 30 mi but abnormal tran-
sudation began at once and would have become pronounced- Here
agam two factors, alveolar anoxia and heightened negative pressure,
have caused exeessive copillary leakage. These facts are shown it
Figure 12 )
1t is true that there are paisons which cause acute edema Of the
lungs without immethate adjuvant factors. ANTU js such a poisor.
Soon after its administration pulmonary edema begins to (,Icvelop,
due at first to a direct effect on the lung capdlaries, to an increase
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Ficune 12 The effects of increased negative pressure i
the alveol upon the fow of lung 1 i From the start
of the expernment untl the endl of the Acst hour resstance
to anspiration has resulted 10 negative ntratracheal pres-
sure, 3t the end of mspiation, of ~10 em of water Even

'
dioude As a result the negative pressure at the end of
inspiration became almost —20 cm, of water, RD L, flow
of meph from the lungs mn rulhigrams per minute, NP,
negative intratracheal pressure at full mspiration in centi-
meters of water, MV, munute volume m hters, P, per
cent protesn i hing lymph, A B P, astenal blaod pressure
1 millimeters of mercury At the end of 1% hours artificial
resparation with oxygen was started and increased lymph
flow subsided at once (From Dninker, CK Pulmonary
Ldema and Inflammation, Fig 10, p 34 Cambrdge,
Mase, Harsard Unnersity Press, 1945 )
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1 permeability to blood plasma, which continues inexorably to the
death of the animal, Qther poisons hehave somewhat similarly but
without the absolute speeificity for the fung capillaries. In a Starling
dog heart-lung preparation, where several hundred cubic centi-
meters of incoagulable blood circulate through the heart and Jungs
and through no other part of the body, after a period in which the
lungs are appasently normal, pulmonary edema sets in ‘The cause of
this development is not known. It expresses either the gradual loss
from the circufating blood of something, responsible for maintaining
normal capillary permeability, o else the gradual appearance in the
blood of a toxic factor, which would perhaps be remaved if the blood
cireulated through the entire body. 1f the blood employed is re-
placed by a fresh supply, edema is checked hat but lly
progresses once more. In this situation, as after the administration o
ANTU, anoxia of the Iung capillaries soon becomes a factor, since
the alveoh and bronchioles become unable to conduet ait on account
of the transudate which epters them. The very acute pulmomty
edema. of neurogenic ongin described by Cameron and De (6} is
a further instance illustrating mception of the process by a single
cause, but, here again, as edema s established anoxda becomes an
added factor though, on account of the rapidity of progress, prob-
ably of insignificant importance.

It is apparently an mgenuous mistake to look for a single cause of
lung edema. Just as in the regulation of blaod flow through the jungs,
many factors inherent m the lungs themselves are responsible for the
maintenance of normal conditions, so, in relation to edema, several
factors operate together to produce the condition. ) )

The removal of transudates and exudates from the lungs is equ®
in importance to their production Certain principles are f“"d"g
mentally important to absorption from the lungs. They may be hste
as follows-

1. The surface area of the lung capillarses is enormous and thor
walls hie practically naked m the alveolar septa,

2. The pressure of the blood i the lung caplllan’es is low, o
of Hg. This head of pressure for outward fltration is more ; 'ah
balanced by the colloid osmotie pressure of the blaod plasma, )\\ nia
is 25-30 mm. of Hg. Every influence in the normal lungs s thus ‘
hold water and solutes mtravascularly and to induce absorption 0!

16 mm
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water which enters the alveol, The capillaties are practically naked
m the alveolar walls and the excessive clement of collord osmotic
pressure renders them avid for water. It 1s possible to admmmster 500
ce of water fairly raprdly by intratracheal catheter to a large healthy
dog and find no trace of thus inundation 1 the lungs at the end of an
hour, The water is rapidly excreted in the urme. 1f, however, solu-
tons contamng the blood proteins are given intratracheally to ans-
mals, 1t is easily shown that their absorption 1s extraordinanly shght
(10, 11). There 1s no doubt that absorption of protem sulutions,
small though it is, becomes more rapid if artificial respiration 15 em-
ployed or f, after wstilling the test solutions mtratracheally, test
anmnals are allowed to recover from anesthesia and move about

Ily. Courtice and St ds {11) found that m anesthetized
recumbent ammals no protein is absorbed during the first five hours
and only traces at the end of nime hours The fact, however, that pro-
teins reaching the alveoh are absorbed has possible important bear-
ng upon sensitization and asthmatic phenomena When foreign pro-
temn reaches the alveols, it remains there for some tume. If, as is
frequently the case, the foreign protemn 15 1 solution the alveoh
contain the equivalent of a transudate

In the presence of Jung movement, some of this alveolar material
undoubtedly dnfts up mto bronch: ined by cihated epithelium, and
1s eventually exp d or swallowed. The imp point for us
s that an mdwidual mhaling foreign substances which are not ab-
sorbed by the lung capillaries gains a reservorr of matenal which
may act directly on the smooth muscle of the air passages or may
mamtam a degree of allergic cffect over a long penod. These are
1ssues to be discussed further when the physwology of the bronchioles
or, better, the physiclogy of the smooth muscle m the lungs 1s
examined in 1ts broad significance,

3, The lungs possess a very large supply of Iymphatics and this
system undoubtedly removes not only most proteinized solutions but
also foreign particles of visible dimensions But absorption by Jym-
phatics is invanably slow It 1s a function so hughly developed 1n the
lungs and so important in normal and pathological states that a ful}
chapter is devoted to it, and no details need to be attempted here

4 Absorption from the alveoh 1s promoted by phagocytes—mono-
nuclear cells whose onigmn s still a matter for debate—polymorphonu-
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clear leucocytes, and lymphacytes. All of these cells contribute to the
Iysis of protew in the alveoli, and produce products which can enter
the blood capillaries In the main, however, lung phagocytes find
their way mto lymph capillarses and move on with the Yymph stream,
comng to rest in lymph nodes or drifting on into the blood.
Among mammals man 1s umque in that for a great part of cach day
hus Iungs are in a vertical posttion, Fven when he hies down to sleep,
he changes position constantly It requires general anesthesia or un
consciousness from disease or accident to induce complete bodily
mmmobility over more than minutes of time The vast net of com-
municating lung capillanies containing blood under Yow pressure i,
m actuahity, a sort of lake through which fluid moves, not only be-
cause of the beat of the nght ventricle but also~and to a marked
degree~under the wfluence of gravity and of arr pressure These ate
matters of great practical importance. T have pointed ont that the
balance between the pressures of air and blood in the chest makes
each of them able to exclude the other. Thus, if the pulmonary vewms
are obstructed so that bload accumulates in the chest, the entrance
of air into the alveol 15 more drfficult Larger breathing efforts are
necessary to secure adequate ventilation But the large size of the
wvaseulas bed and the low resistance to distention give blood and air

in the lungs an easy fluctuant relationship unrecognized in most ob-
SN
: ~g flat

This

suu from

there is

thing in-

creased carbon dioude, the flow ot blood througn wie capsllanes s
slowly blocked by stasis and the dependent parts of the lungs are
poorly, or not at all, circulated as compared with their nomfal state.
1f detectable substances are given mtravenously to dogs which hfve
heen anesthetized and supme for some time, the blood con(:u.mng
connh faraion solutions does not get through these capillary xjegmn&

T

the dependent and comparatively motioniess purt us tuvaseyy o *
Fenn and hus associates (14) have shown how readily blood may

be excluded from the chest by tightening blood pressure cuffs 0 the
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thighs to 60 mm. of Hg so as to wmpede venous return and store
blood in the legs and, reciprocally, how easy it is by breathing air
under moderate pressure through a mask to dimnish the blood en-
tering the lungs. The subject of such an experiment lay upon a teeter-
board (Figure 13), made of plywood, so balanced that the foot of
the board was shghtly heavier than the head, The board was hept
from sagging by a flat steel spring, S, the movements of which were
recorded upon a smoked drum A volume record from the plethys-
mograph was wntten upon the same drum throngh a small volume
recorder A typical experiment is shown 1 the tracings of Figure 14
In the upper curve it 15 evsdent that as soon as pressure breathing
began there was a fall, mdicating that the weight of the upper part
of the body became less. The lower curve shows that with this
change, the volume of the feet—measured through the plethysmo-
graph~became correspondingly greater By the appleation of vart-
ous it was caleulated that the p breathung dis-

- (" s '
thrown by gravity 1nto arcas from whtch 1t cannot readdy reaclt the
pulmonary vems We have been aceustomed to asenbing the “black-
out” which occurs 1n aviators on making a sudden turn to enforced

Ticure 13 Duagram of tecter-bowd and plethysmograph methods B, board,

B, plethy smograph, §, flat steel spring, L. Fever recording level of teeter-board.

', volume recorder from plethysmograph  (From Fesy, WO, e2 al Am ]
Physol, 1917, 151, 239, Fig 1)
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Ficure 14 Effect of breathing ar under 80 cm of water pressure, Pressure

breathing began at the left end of the left arrow and ceased with the pomt of

the nght amow. Upper curve, record from teeter-board Lower curce, leg

volume recorded from plethysmograph (From Fenn, W.0, et al Am |
Physiol, 1947, 7151, 262, Fig 3 )

pooling of blood in dependent parts of the systemic vessels. The
black-out 15 accompanied by a sharp fall in blood pressure, and this,
m the end, means msufficient blood is reaching the left ventricle.
While pooling of blood m the systemic system may be the mam
physiological process m aviator’s black-out, in considering this prob-
lem, we should not fail to keep in mind the readmess with which
blood pools in different parts of the lungs, and the fact that imprison-
ment of blood i the pulmonary circulation can cause as prompt and
effective reduction of left ventneular output as failure of blood to
reach the nght ventncle.

Realrzation of the ease with which blood moves from the lower
part of the body into the lungs, and vice versa, has vital bearing upon
the procedures one may use m resuscitation, The patient requiring
assistance usually needs as free a flow of blood to the heart as can be
secured for him. Obviously the head-down position, with the body
resting prone or supme at an angle of about 35°, will promote flow of
blood nto the chest. The rhythmic pressure upon the nbduml'nal
viscera employed 1n the prone pressure method of artificial respira-
tion will further force blood toward the heart, and when the p'res-
sure is released, the expansion of the thorax will suck more blood into
this region. If a morbund, nonbreathng patient with Jow I?lood pres-
sure is placed m a body respirator and the apphance tilted head
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down, 1deal conditions are provided to better the circulation In this
case mspiration is secured by the normal process of chest expansion,
and expiration follows passively. Increased negative pressure m the
thorax promotes blood flow to the heart
But the patient requinng resusaitation needs rapid assistance
above all else, and any such complicated resource as the respirator is
out of the question It 15 pre-eminently important to get oxygen, as
air or as the pure gas, nto the lungs For many years men have been
iterested in domg this by some means which blows air or oxygen
mto the lungs through the nose and mouth via a face mask There
has been mcessant controversy as to the unlity and safety of the
rather complicated devices which have been manufactured to
aclueve this In every case mspiration is produced by positive pres-
sure, which m each blast reaches about 14 mm Hg (19em of water)
i the face mask and trachea The pressure 15, of course, much lower
m the alveols, but to get air in, the lungs must be inflated by driving
down the diaphragm and raising the rbs This positive pressure
will force blood from the lungs to the heart, and, as the intra-
abdomimal pressure 15 shghtly ncreased by lowering the diaphragm,
blood m this region will be squeezed mto the large vessels and to-
ward the chest, mto which 1t will run freely as the mspiratory blow 1s
fimished
Since men are vastly ntngued by mechanical devices, and since
the engmeers who have developed appliances designed to produce
ventilation by blowing air mto the lungs are obsessed with the idea
that a pump should both blow and suck, it is natural that efforts have
been made to apply suction for the production of expiration Tt 1 ab-
normal to produce mspiration by positive pressure, but if a safety
valve on the appliance prevents the pressure from becoming too
great, and if the air passages are unobstructed, air or oxygen can be
forced mnto the alveoh by such means There 15, however, no vestige
of gamn from applymg suction to secure expiration This phase of
breathing 15 normally passnve, even when respiration 1s very violent
When a positn e pressure wflation of the lungs 1s finished, the chest,
by elastic recoil, retarns at once to its normal expiratory size Suction
to get aur out will not inerease the rate or the solume of expiration If
1t has a value of more than —2 to —5 mm, of Hg, this abnormal suc-
tion clement m the respiratory process apparently may mcrease
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Fioune 14 Effect of breathing atc under 80 em. of water pressure. Pressure

breathung began at the left end of the left arraw and ceased with the pamt of

the nght amow Upper curee, record from teeter-board. Loucr curic, leg

volume recorded from plethysmograph. (From Fesx, W.O, of o Am ]
Ph/jrm)y, 1947, 151, 263, Fig 3)

pooling of blood m dependent patts of the systemic vessels. The
black-out is accompamed by a sharp fall in blood pressure, and this,
m the end, means msufficient blood is reaching the left vcn(ricl_c.
While pooling of blood m the systemic system may be the main
physiological process m aviator’s black-out, in considering this pr?h-
fern, we should not fail to keep in mind the readmess with w}nch
blood pools m different parts of the lungs, and the fact that imprison-
ment of blood in the pulmonary cssculation can cause as prompt a8
effective reduction of left ventricular output as failure of blood 1o
reach the right ventricle,

Reahzation of the case with which blood moves from the Jower
part of the body mto the langs, and vice versa, has vital bearing upon
the procedures one may use in resuscitation. The patient requnng
assistance ustally needs as free a flow of blood to the heart as can gﬂ'
secured for him. Obviously the head-down position, with the bo }{'
resting prone oy supine at an angle of about 5% will promote ﬂmf‘ D)
blood into the chest, The rhythme pressure upon the f;bdmm.m
viscera employed in the prone pressurc method of artificial respira-
tion will further farce blood toward the heart; and when the pres:
sure s released, the expansion of the thorax will suck more bload mt:
this region, If a morsbund, nonhreathing patient wil th low blood EY: ;
sure 15 placed in a body respirator and the applance uted b
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transudation from alveolar capillaries and promote pulmonary
edema

The fact that in death breathing generally ceases before the heart
beat has naturally focused attention upon methods to sustain and re-
stare respiration Over many years countless methods of artificlal
respiration have been suggested and given trial. It was realized years
ago that time is the great factor in success. A man who has ceased to
breathe has at the most twelve minutes to live before the heart stops
beating, and five to seven minutes are nearer in accord with usual
expenence. No one can count upon obtaining and starting a me-
chanica) appliance in so short a time Machines for artificial respita-
tion are apphances for continuing breathing in cases in which
manual artificial respiration has become difficult or impassible, All
the mech 1y i " cause a t of blood inta and
through the Jungs, but this movement is little greater than that
achieved by the prone pressure method of artificial respiration with
the patient’s body mclined head downward.

Finally, it 15 pertinent to cite two recent papers on artificial res-
prration by Gordon and hus asseciates (15, 16). These investigators
compared the amount of ventil of the lungs resulting from dif-
ferent manual methods of jtation and from selected t
tors” which blew asr mto the lungs to produce inspiration and sucked
1t out for expiration As subjects, they employed voluntcers wh‘osc
breathing was stopped momentarily and the bodtes of persons just
pronounced dead but still warm and not in rigor. It is of great interest
that artificial respiration employing a movement which :xcmfely ev-
pands the chest, as when the arms are pulled forward in the Silvester
method, followed by chest compression, as in the Schafer pmccdure,
produced excellent ventilation, quite equal to that of natural brm!’.l-
mng. The tested accomplished the same ts of air
movement Gordon’s papers are accompanied by evcellent b:'blwg-
raphies on artificial respiration and are a substantial contribution in
a field which has been very controversial, and which has lached
deaisive observations such as these of Gordon and his associates

The methods of manual arhificial respiration described to this point
and very wadely used have employed a positive movement to fﬂf:;'
air out of the Jungs and have expected return of air, or inspitation,
oceur as a result of the elastic recoil of the compresscd parts. In 1e-
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The anatomical structure of the anvay from a bronchiole to an
Iveolus 1s shown 1n the reconstruction pictured m Figure 15 The
ands of smooth muscle are arranged over the surface m hnes so as
o produce contraction and to withstand pressure with maximal
fficiency Numerous elastic fibers run, in the mam longitedimally,
mder the encircling smooth muscle and eventually become part of
he alveolar wall Figure 16 15 a cast of an alveolar duct which

Ficunr 15, R showng the distnbution of bands of smooth

muscle along a bronchiolus and #ts subdivisions Reserse views (From

Mueen, WS The Lung, 2d ed, Figs 20 and 21, p 82 Sprngheld
1T, Charles C Thomas, Publssher, 1917 ) N
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depths of the mucosa, this penetration is exceedingly slow. Tt is thus
clear that man is well protected from his external environment
through most of the upper respiratory tract.

So far as my knowledge goes, I think that those intercsted in clini-
cal matters have paid too little attention to ciliary function. The
usual patfent with mild bronchiectasis greets each day with cough-
g, and soon begms to spit out glary muews in which dust particles
may be evident. This undesirable material has lated in bron-
chiectatic pockets and adjacent bronchi during the night. In the mom-
ng, with the patient’s changes in position and volume of breathing,
it is moved away from sites of origin; and certainly ciliary action
must be important for eventual ejection from the lungs. We know
too little about ciliary function, Anesthetics, such as chloroform, may
diminish 1t and, at the same time, increase the production of mucus.
The readiness with which ciliary cells are regencrated following the
inhalation of destructive gases or after severc infection is not known,
but has obvious importance for us.

Contraction and Relaxation

Until the bronchioles are reached, the afrway repeatedly divides
mto two branches, and this simple type of division continues prac-
tically to the respiratory bronchtole, when more extensive division
apparently occurs.

Cartilage, at first disposed m regular rings, eventually is ftzund as
irregular plaques, and, finally, when tubes of about 0 6 mm dm:nerer
are reached, disappears entirely and the airways Jose “masonry” sup-
port for maintamning their drameter. Even where cartilage 1s pres-
ent, the trachea and bronchi are readily lengthened, and musglc
bands crossing the gaps in cartilage are capable of causing constric-
tion, though relatively not so marked as i cartilagc-frcq bronchi.
Smooth muscle, disposed more or less circularly, together with clastic
fibers, dominates the structure of the lower air passages. The muscl;
15 well innervated by both vagi and sympathetics. It 1s a curious ant
interesting fact that, of all mammals, man and gumea pig nre.mos_
copiously furnished with smooth muscle in the lungs, and this !::3'
dowment apparently makes these two species par‘nmx]ar{y susccpl l.
ble to perrods of tonte bronchiolar constriction during which ventila
tion of the alveoli suffers.
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branches into alveolar sacs and alveoli, If the alveolar duct or re-
spratory bronchiole is luid open so that the inner surface and depth
of the linng membrane may be examined, one finds an architecture
such as 15 seen dugrammatically in Figuse 17. The opemings mto
alveolar sacs and alveoli are shown as clear ovals surrounded by
mterlacing fibers of smooth muscle, elastic tissue, and strands of col-
lagenous matenial The actual disposition of smooth muscle as seen

Ficune 16 Portion of a metal cast of a human lung show-
ing an alveolar duct branching nto alveolar sucs and
alveoli After Bender {From Maximow, A.A, and BLooy,
W A Textbook of Hustology, 4th ed, Fig 407, p 471
Philadelphia, W B. Saunders Company, 1912)

19 Frgure 18
walf of a fine
e~showing as
t has been

m sections of the lung 15 shown m Figures 18 and
shows a sphincteric ring of smooth muscle in the
bronchiole, Figure 19 has cut a ring of smooth muscl
small black masses—just as alveoll are entered (1‘), I
estimated that one cannot cut through a u.;]nc mll]hmclcr of mam-
lian Jung tissue without sectiomng smooth muscle, o
m::I'hese co%nplemles of smooth mus%le and elastic tissue ‘I‘SP“[’I“;“:}
in the lungs have been discussed in detail in order to give nnhxhck“"
some of the factors mvolved in each respiratory movement. Mac
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THE NERVES IN THE LUNGS AND THEIR EFFECTS
ON BREATHING AND CIRCULATION*

Ncmuxc 1s of such fundamental importance to hving creatures
as a free and constant supply of oxygen The single source of this
indispensable element is the awr. It is not surprising that, as knowl-
edge advances, it is found that more and more mechanisms 1n the
body possess the means of asserting their need for oxygen In some
cases, this need is far greater than 1n others. Some of the cells of the
cerchral cortex, for example, are damaged wreversibly by seven to
fen minutes of complete anovia. In other regions, such as the m-
testines, over half an hour of deprivation of oxygen may fail to cause
permanent harm, though for a time the tissue may be qute ab-
normal.

These is a center for breathing, a bilateral collection of nerve cells
m the lower part of the pons and i the uppet two-thirds of the

medulla. This is true for man and for the dog and eat The cclls in
this grey Jum are 1

synaptically~that s, their fibers
physology, showed many of the | to nerve jmp
transmitted (hmugh contacts—that is, with an mterface between the

Trol

tonducting fbers, as d with cond along an
avone. But he did not realize how much further his conception
Would progress ay the newer methods of physical cherstry began
to be used in analyzing phenomena mediated through nerves For
eample, all of the newer Iterature upon transmission of nene
hl"l’"kcs fron one nerve fher to another, and from the ending of
the fiber to the muscle or gland cel controlled by 1t, depends upon
T
The nisternl in thus ehapter tn substaotial part is sepnnted-with the conrteous
I';]""l“mn of The American Reticw of Tuberculosis—from an article by the author,
Th: Functions of the Nervey an Lungy and Thorade Wal," which appeared in
Amerlcan Review of Tubereulosis, 1948, 53, 1

53
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nerve impulses except smooth muscle in the bronchioles and in the
blood vessels, and in the glands found mn the bronchial epithelum
Whether ciliary action, so mportant for movement of bronchual
sectetion, is under extrinsic nervous control is not known In all
probability, ciltary action is dependent on chemical changes in the
blood and on substances directly apphed Anesthetics, such as
chloroform, and sedatives depress ciliary movement, and this delays
bronchial excretion Small amovnts of ether, ethylene, and alcohol
apparently stimulate ciliary action (3).

The nerves of the Tungs are both afferent and efferent, and arise
from the vagi and from the sympathetic or thoracic division of
the antonomic system. Larsell (4) found vasomotor nerves in the
pleura distributed along branches of the pul y ortery, and
?’50 Targer fibers ending near the pleural surface, possibly afferent
in function (5). The lung nerves with which we are most familiar
are the vagal and sympathetic Sbers ending in the bronchi, bron-
chioles, atria, and blood vessels Each lung receives an equal supply
from each source, and, in addition, the bronchial walls contain many
ganglion cells with Bbers arranged as o sort of nerve net, not dis-
simlar to the plexuses of Auerbach and Meissner in the intestine.
TI"'f function of these intrinisic nerves is not known, but certainly
their presence makes complete denervation of the lungs quite im-
rossible unless some drug should be found destructive to them

The pecutiar gelatinons ion produced by asthmatic patients
and the more watery mucoid solution familiar in pulmonary inflam-
mation is produced by cells in the bronchial mucous membrane,
and is added to by protein-containing transudate from the capillaries
in the hronchi 1¢ may well be that s\wc“ing of the bronchial mucosa
and active secretion from the bronchial glands is under nevvous con-
‘;ﬂl. but certainly no one has been able to demonstrate this, though
the fact of sbnormal secretion is famitiar enough ehinieally (8,7).

In connection with sw elling and hyperemin of the ‘Hronchial
mlm’{ns membrane, it must be remembered that the bronchial
;‘:l’ml's are typically systemic vessels They follow the bronchi and
ch:'l:lo ' into diffuse capillary nets in the tunica propria of the bron-
nn‘t i These capillaries end hefore the alveoli are reached and are

by concemned with respiratory exchange. At the end of the bron.
“hiotus, they  join capitlaries’ from the pulmonary artery. True
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the emstence of interfaces where chemical and physical changes
can occur without affecting the size or echaracter of the impulse con-
ducted by the axone.

The physiology of breathing in mammals owes much of 1ts com-
plevty to the fact that they have developed through a vast series
of simple ammals, first hving in water, then partially in water, and
only m comparatively recent years upon the land alone, taking
along m their body fluids the essentials of the water evistence they
have forsaken, When life first began, the atmosphere was heavily
loaded with carbon dioside, and the solubility of this compound in
water assured the necessity of living m an atmosphere very rich in
carbon diovide Caibon diovide is vitally necessary to us, and is a
constant excretory product of all living creatures, who must have
oxygen to utilize the food they assimilate. It is not surpusing to
find that mammalian blood in land animals carries about 48 ¢cc of
carbon diovide combined with it in various ways Of this amount,
at sea level, only 8 ce, are dissolved in the plasma. Ten to 15 e
are combined with hemoglobin of the red cells, and the rf:st is
carred as bicarbonate in relatively fived condition. Yet even thls'lflS(
carbon diovide, released very slowly and inadequately from bicar-
bonate in vacuo, 1s liberated freely and rapidly through the action
of an enzyme, carbomic anhydrase, found in the erythrocytes. Land-
dwellmg man 1s thus not so far removed from his carboniferous
forebears as may seem to be the case; and it is not surprising (h.’l'l 0
diffusible a gas as carbon diotide takes part in shmulating Dbreathing
At the same time, 1t has been shown that if the breatlung of a mam-
mal is made to depend solely upon carbon dioude stnmulnh’or.l of the
respiratory center by section of all the afferent nerves to this dorz'
mant collection of nerve cells, breathing becomes mcn-ordmalcd,
and the ability to increase and decrease ventilation smoothlynﬂ'"
effectively is Tost Under such arcumstances, the Tand-dywel l:ﬁ
mammal becomes as sluggsh and helpless as was his remote ances
who lived in the carbon dioxide-rich sea or upon the r{mxst shores,
where the atmospheric carbon diovide was extremely high.

These facts make it essential to examine the effects of{l o
breathing, and the mformation gamed has obvious place in un :;h
standing what occurs mn inflammatory disea.scs of {hc I""g:'_ Scl t©
as pulmonary tuberculosis. The lungs contain nothing reactive

erves On
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bronchal veins are found at the hilum of the lung, where they
deliver their contents to one of the azygos or intercostal veins. Nor-
mally, anastomoses between the pulmonary arterioles and bronchial
arterioles are of wsignificant imp ~a fortunate ar t
since the higher pressure in the bronclual arterioles would give
these vessels a commanding position in the delivery of blood to the
alveoli and since therr blood is arterial, nothing physiological would
be accomplished Capiflary anastomoses between the two circula-
tions mean simply the miving of systemic venous blood and that
from the bronchioles, with resultant oxygenation of the entire sup-
ply As has been described in Chapter 1, these anastomoses enlarge
to become visible grrossly. It is also apparently true that the vasa
vasorum of the pulmonary artery are derived from the bronchial
arteries.

Wounds of the larger branches of the bronchial arteries, owing to
the high pressure of the blood withm them, are very serious and
may result m fatal hemorrhage or in a dissecting hemorrhagie
infarction extending to the pleural surface In summary, what ane
must remember is that, in addition to the low pressure pulmonasy
ciseulation, the lungs posscss an extensive systemic pressure circi-
Iation capable of the reactions seen in systemic arterioles and c.\;.nl-
laries all over the body, Thus, if bronchial irritation occurs, dilatation
of arterioles and capillaries, with eventual leakage from them, and
swelling of the tissues may be cxpected, Such farmiliar vascular
phenomena are now spoken of as reactive hypcremia, and are cer-
tainly of maor importance in dealing with infection But po one
can say whether or not the vastly larger pulmonary circulation
cnpabfe of any such reaction Indeed, aside from the fact that in
abnormal conditions m the Tungs, such as are found in br.oncho-
preumonia, the arterioles and capillaries in the affected region n‘re
possibly dilated and certainly hypespermeable—as expressod by the
presence of coagulated plasma in the alveolar walls and spaces, to-

i & and white cells-httle 1 known
gether with accumulations of red *
of the reactivity of the finest branches of the pulmn‘nnry artery. -

Figure 21 15 a diagram of vagus and s;mpather fibers n}: t;ef)t
form the posterior pulmonary plexus and are distributed to !‘ o“cr‘
lung {7) Both vagus and sympathetic fibers are afferent and L; e -
ent. The difficulty in unraveling the functions of the two s)stem:
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The vagal respiratory mpulses which act in regulating breathing
are afferent. They have their origin in nerve endings in the most
distensible part of the alveolus—that is, in the swalls of the alveolr
ducts and atra just at the opening of the alvealus. The tissue carry-
g these endings 15 extremely thin, and is at the very beginning
of the respuratory part of the lobule. Figure 22 displays the special-
1zed nature of these receptors, Adrian (8) in 1933 accomplished the

Ficure 22 Free nenve endmg in wall of atrum
From 2 cluld 8 months old (From Lansery, O, and
Dow, RS Am } Anat, 1983, 52, 139, Fig. 1)

ven one vagus afferent

Aufficult technical feat of isolating four :'md even o e the pos

fiber m the eat, and 1 changes in [
sage of nerve unpulses in these simplified trunks. He 'fou}z:zl l]h::J ‘0;:
ffation of the lungs impulses start from the reecptors in the :1h v o
ducts and atra and pass to the respiratory center, \vhern.z :‘l?'to
hilut inspration If the lungs are kept inflated, tlxcscd}n ('ld] az
impulses continue to flow to the center; but of carbon dioxide

; . . c lops,
cumulates as a result of apnea or if serious oxygen lack develops,
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the center will break through, and inspiration will oceur in spite of
the conti inflow of inlubitory impul

When the lungs are deflated, a sccond set of mmpulses passes up
the vagi, agam {rom receptors practically 1n the alveoli, and these
cxcite mspiration Such fibers go mto action when a lung 1s col-
lapsed by pneumothoray, and account to a degree for the immediate
hyperpnea which may accompany such an expenence

The modern conception of the respiratory center is that it 15 a
Iilateral collection of nerve cells, axones, and dendntes, constantly
discharging nenve impulses to the museles of respiration Lacking
any inflowing nerve impulses, the resp: y muscles are forced into
tetanic contraction (9, 10). As respiratory wflation proceeds, more
and more inhibitory impulses bombard the center, and eventually
inspiration passes over into passive expiration. In addition to the
main volley of inhibitory impulses arising from the lungs themsclves,
inhibitory impulses reach the mam or medullary part of the respira-
tory center from the pontile part of the structure, but these scem to
be less effective than those from the lungs

1t 15 of interest that the stimuh stopping mspiration and resulting
in thythmic breathing are caused by nflation of the lungs. In my
opmion, this effect can be accomplished, not only by inspiratory
inflation, but also by any mfluence which stretehes the alveolar
walls abruptly and tends to hold them n this position Thus, rapidly
devdloping pulmonary edema caused by alpha-naphthyl thourca
{11), which induces thickening and relative mfexibility of the
alveolar walls, results in hyperpnea The center continues to send
impulses to the respiratory muscles, and the formation of these
\‘rppulscf is not restrained on nccmmt_of th_e constant size and con-

and splints m(’ln)‘ of the alveoli in a fixed and expanded position.
Agan, hy perpnea results (12). Walsh (13), the last observer of this
reaction, noted that the hyperpnea did not occur if the vag were
divided He used Adrian’s methods for detecting afferent vagal 1m-
pulses in ssolated fibers, and came to the conelusion that impulses
arising from recep n small branches of the pul y attery
might be responsible for the d breathung. The problem 1s




60 THE CLINICAL PHYSIOLOSY OF TIE LUNGS

thus unsettled, but, m any event, conditions producing hyperpnea
by mechanical swelling and the stretching of alveolar walls must
act abruptly, and must continue to act. When, as in cardiac falure,
cffects upon the lungs develop slowly and are complieated by
changes in the oxygen and the hydrogen ion content of the blood,
one cannot cxpect the abrupt onset of hyperpnea seen m such
expenments as I have cited What has been desenibed is essentially
a Henng-Breuer reflex (14), very troublesome to students interested
in the control of breathing ever since the reflex was described m
1868

The respiratory center 15 essentially inspiratory, and 15 mhibited
by impulses passng up the vagi as the lungs are distended. A
second ilateral collection of cells in the center excites mspiration
when the lungs are overdeflated. In addition to these two sets of
vagal endings, sensory fibers in the trigeminal and glossopharyngeal
nerves and 1n the vag are distributed to the mucous membrane of
the pharyny, larynx, trachea, and bronchi; and, when irritated,
produce a large mnspiration, followed by a violent contraction of
the muscles of expiration—that is, by a cough. 1t is noteworthy that
the endmgs supplying afferent mmpulses resulting in cou~gh are
readily affected by anesthetics, while those concerned with the
maintenance of breathing are resistant to anesthesia and to respira-

tory depressants Also it is important to realze that the normal
id ’ o A i alccmcn " b cre Irritant

sphyxi-
eathing

than does 4it, Uniil Lig DIVVL DEBI LU UL pruvs s vy e - nd rich

mn carbon dioude There 1s no evidence that cough is caused by
secretions m the finest bronchioles, alveolar ducts, atra, or ;?Iveoh.
Coughing begins when secretion has moved out of the resplra'mry
part of the lobule Increased hronchiolar penstalsis apparently ac-
compames cough < often
The question as to whether pleural endings mutiate cough is IO

asked. It 15 questionable 1f they do. The wisceral plenra .:\nd U‘:E(;
are practically msensitive to pain The panetal pleura, mncr\(-{ ; "
by the intercostal nerves, is intensely sensitive. When a e ;Ccs
has a pulmenary embolus and expe ol

riences an infarct which inv .
the visceral surface of the pleura, transudation of plasma to this
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surface oceurs promptly, and the fibrinous coating begins at once
to stick to the parictal pleura and to cause typreal pleuntic pam
on breathing, Cough begns later, and i the presence of the pleunsy
may be cxceedmgly distressmg. It means the movement of bloody
exudate out of the infarcted area mto bronchioles, and eventually
into the sputum. Cough, under these circumstances, 15 assotiated
with pleural involvement, but 15 not a reflex durectly from the pleura

I am farmliar with few direct studies on cough. Chevalier Jackson
(15), in a bronchoscopse report upon cough, found about what one
would expeet. If an irritant was appled to the bronchial mucous
membrane, cough occurred, but if the excitant was not moved nor

the mtensity of stimulation d, the exp y refle gh
~slowly ceased
When 1t 1s und d that the resp y center 15 \l;

active in the constant discharge of impulses leading to inspiration,
and that the cause of this automatieity resides in the metabolism
of the cells that comprise the center, the physiological situation
which results 1s not surprising Nerve impulses from many parts of
the body affect the breathing rate and depth, but they do not mutiate
wspiration. In this connection, 1t has been found that hard mus-
cular exercise mduces a degree of breathing far greater than can
be attamed by inhalation of earbon diovide or any respiratory stimu-
lant (16). The stmulus to respiration of exercise apparently arises
from receptors 1n the muscles and 1 quite independent of carbon
diovide production, oxygen lack, hydrogen ton concentration, or any
of the conyentional causes of hyperpnea

It is taken sauthout question that where parasympathetic fibers—
mthis case, vagal-and sympathetic fibers inervate the same smooth
muscle they will act opposttely. So far as the lungs are concerned,
tus prneiple 1s confused One would expect to counteract abnormal
! hnolar constuiction, p bly due to the sagy, by mjections
of adrenin or any drug wliclh stulates the sympathetic nervous
system Every one knows that within reasonable himits this 1s true
But, toll the now Ihing our 1deas of the finer
redctions withm the lungs, T must pont out that stimulation of the
sympathetic ponients of the | pul ny plewus often
<auses an appreciable degree of bronchoconstriction, Just as comes
from the vagi. No doubt the complicated and extensine relations
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in this plexus account for some of the contradiction which exists.
The facts seem to be that adrenin, ephedrine, and sympathetic
mimetic drugs act upon the neuromuscular motor eudings in the
lungs, just as they do elsewhere, and one may rely upon them to
relax bronch triction m an asthmatic attack.

The arrang: of the p y lation is ly
adapted to recerve all the blood that 15 thrown into it by the right
ventricle, and to matter what the course a red cell takes through
the capillary net, the opportunity for gas exchange is much the same.
The capillary surface area available m the Jungs js huge, about 140
5q. M. The alveolar area For gas exchange Is smaller, 90 sq. M,
and the total number of alveols in man is estimated to be about 750
mmilhion. At rest, about one-twentieth of their surface is used.

These data, coupled with the extreme elasticity of the Jungs, lead
us away from the conceptions of circulatory regulation operating
upon the systemic side. The left ventnicle is a powerful museular
pump, and it drives blood into a cwrculation which is essentially 2
system of shunts. Thus, if we exercise vigorously, the arterioles and
capillaries in our legs dilate, and vessels which have been completely
closed open to conduct blood. At the same time, similar vessels
n the abdomen become constricted, thereby providing a suitable
volume of blood to take care of the active regions. Such adjust-
ments of the circulation are under the control of the vasamator
fibers of the sympathetic system. There is also in the capillanes and
smallest arterioles provision for adaptive change in ealiber inde-
pendent of vasomator regulation, This last sort of vﬂ.scu)m: change
is to provide local increase i blood supply when the tissue involved
is active. Thus, Krogh (17) showed that resting abdominal mufc‘lc
in the guinea pig contained 70 to 92 capillaties per square mith-
meter which were open and carrying blood. The diaphragm, con-

1 nnspbifulic

cir

tracting normally at the time qf the aniT:ﬂ.’ s dg:u)x, ‘h:\xiuf :r: ;«’zg(;
frogs
single

glomerulus might increase in number during active dugross. ood

Thus, whenever the actwities of a tissue requure more blood,
not only is a freer supply shunted to it by vasomotor ad):fxtmenls.
but the vessels in the tissue involved undergo a seceptive dilatation,
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and capillaries, nthertofore c]oscgl, open, so that maximum work-
g efficiency 1s assured Tlus statement has not been proved for all
tissues, but it is a fairly safe gencrahzation.

Similatly, if a region in the shin 1s touched with a hot needle,
pricked with a pin, or 1f for any reason a nunute focus of infection
begns to develop, all of the capillaries in the regron involved become
open for blood flow, and mdividual vessels dilate to an obvious de-

ce.

In each of these examples, a part of the systere crrculation has
requred more blood The vessels co-operate in providing blood
quite outside the reactions of the vasomotor system There are un-

doubtedly many causes of dil There are pathetic
vasodilator nerves. Acid bol cause rel of 1

and capillaries, but the best explanation of the sharply defined dila-
tation seen in infl; 1on and 1n 1bed local activity 1s the
axone reflex In essentials, this reflex does not ivolve the spmal
cord. 1t depends upon the of pan p let us say,
in the 1 hial mucous 1} which 1

8 P
that travel towards the cord and are interpreted as pam. But the
axones earrying these ympulses branch, and twigs are supphed to
the nearby arteroles and capillanes, which dilate as a result of
therr effect.

There is no doubt 1n my mind that axone reflexes account for
inf) y inthe pharynx, laryny, trachea, and large
bronchi These regions are supplied by the 1 and
they arc highly sensitive to pun There 15 no doubt that the pamful
onsct of a tracheitis or Dronchitss, with swelling of the mucous
membrane and transudation of watery flmd s highly typical of
axone reflex causation.

The explanation of these useful changes in blood supply 1s still
a matter for controversy. Thomas Lews (19) believed that excrcise,
heat, cold, pam, indeed 1ntation of any sort caused the elaboration
m the tissues of an I substance wlich acted directly on the capl-
laries, and a hitle later the discosery and explotation of histamine
provided a componnd deally ordered to act upon blood capillaries
50 as to produce the changes we call mflammation. istamine
proved to be a compound readily formed in most parts of the body.
It was rapidly destroyed, but, while present, dilated blood capil-
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lanies and made them much more permeable It also contracted
artensoles, but this action varied in different ammals. Best, Dale,
Dudley, and Thorpe (20) recovered histamme in large quantities
from the lungs, particulatly of the gumea pig, where the constrictor
effect of histamie on the bronchioles can readily be great enough
to kill the animal 1f even a very small intravenous mjection is given
Smce } acts upon sy ic arterioles and capillanes, it is
reasonable to expect effects from it upon the vessels of the bron-
chial mucous membrane, which are systemic i orgm And I have
spoken of the axone reflex mechanism in inflammation of the bronchi
and bronchioles, a mechamsm 1n which histammne perhaps has part.

No one can say mn what tissue of the lungs istamine arises (21),
but certainly the ding eflects of the compound are exerted
upon the bronchioles Since one of the effects of histamine is to
mcrease capillary permeability, one might expect 1t to be a prime
cause of pulmonary edema But pulmonary edema involves another
arrculabion, and the respiratory pulmonary capillaries are quite
separate from the systemic supply to the bronchioles, On stimula-
tion of the vagal and sympathetic nerves to the lungs, effects upon
the bronchi are readily elicited, but this is not trug of the pulmonary
ereulation  Adremn mjections and sympathetic stmulation may
be shown to cause a trifling degree of constriction of the true lung
vessels, but 1t 15 very imsigmficant, and one is left with the impres-
ston that the circulatory bed of the lungs 15 large enough to take
care of all the blood supphed by the nght ventricle. Moreover, the
iffuse net of capillaries which surrounds each alveolus 1s so exten-
sive and so evenly placed as to make no difference which branches
m the net are conducting blood.

If the lung capillanes possess mdependent capacity to close and
open, then we should cxpect histamine to affect the pulmonary
circulation to a marked degree. But this has not been shown to be
the case. unless at the same time constriction of the bronchi occurs
(22). The most that can be said of the effects of lustarune on ff!e
pulmonary circulation 15 that 1t has a shght cons!r{clo'r effect on ti 1?
pulmonary arterioles—enough to cause a tnfling rise in ’blood pres
sure~but the more mmportant effects, capillary dilatation am; in-
creased capillary permeablll'ty, have not been sho.\vn fo tal'u? P! J:l:c-
Efforts have been made to show that the lung capillaries have inde
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pendent powers of contraction and relaxation siular to the systemic
vessels (23). Such cxperiments have required direct visualization
of the ah eolar capillaries 11 mammals, but are not convineing, since
they have contained no assurance that the output of blood from the
nght ventnele remained unchanged when the pulmonary vessels
under observation conducted or farled to conduct blood

The 1ssues involved are not n the Jeast academic. What I have
been dnwving at js that in the final analysis of the pulmonary aireula-
tion we have as yet no reason to believe that the pulmonary capil-
laries behave Iike those m the systemic crreulation It, thus, cannot
be said with certainty that inflammation as st goes forward n areas
of the lung serviced by the pulmonary circulation behaves in the
same way as inflammation 1n regons of the systemic awewt In the
bronchi and bronchioles, where the 1 15 systemuc, one's
expectation of a charactersstic active by peremia will be reahized, just
as in the skin and other regions But the course of physiologieal
events followng mmjury or imtation to an alveolus s, T think, still
unknown s the respiratory crreulation to the arca shut off? Does
# beeome more actine® Or is 1t unaffected until progress of the
injury causes actual harm to the tissue?

The active hyperemic reaction of inflammation 1s one of aur oldest
physiological experiences—-quite as normal a reaction, i my opinion,
a the secretion of gastne juice~but hecause it so often goes with
dostruetive phenomena, 1t 1s relegated to the merctes of the pa-
thologists We need to know the first physwlogreal reactions when
an yitant imvades an alcolus, and at the present tune our knowl-
edge does not answer such questians.

There is a final point in regard to independent adaptive changes
in the hung caprilanies Wheneser such changes oceur i the systemic
circulation, their purpase 15 ta provide the area s question with
——ea S ave KL . a e e

normal Tung ;ncr mmﬂw: It 1s only when alveoh are subject to
mfection or irntation that one smay thunk an smereased supply of
blood would be advantageous, but, as 1 have pomted out, there 15
to evidence that the pulmonary capillaries and artenoles display



66 THE CLINICAL PHYSIOLOGY OF THE LUNGS§
1

the characteristic I 1 features of infl ion as seen in the
case of the systemic vessels.

Where the capillaries from the bronchisl artery join the true
pulmonary capillavies~that 1s, at the beginning of the respiratory
part of the lobule~there is 2 vascular region which is peculiar in
that the systemic bronchial vessels connect suddenly with a vastly
greater capillary bed than ther own size and number warrant, It
is probable that at the point of anastomosis the bronchal cireula-
tion slows to a considerable degree, and this may be the reason, as
pointed out by Miller (24), that this transitional circulatory zone
is a favonite sute for the development of tubercles, both experimental
and in human infections.

The Problem of Neurogenic Pulmonary Edema

For many years clmcians have described cases of pulmonary
edema occurring abruptly and usually as terminal events in paticnts
with some sort of cerebral disturbance. Weber and Blum (25), for
example, described a case of hypoglycemic shock in a man of forty
who went into “ g coma”™ with opisth This pahent
gave clinical evidence of pulmonary edema, which was not relieved
by treating the hypoglycemia, but an injection of hyoscine-atropine
brought the severe attack to an end. This man had no disease of
the heart, blood vessels, or lungs; and the conclusion was clear that
the lung edema was of nervous ongm. The authors cite a number
of other cases, all with a background of nervous disturbance. The
condition 1s known to be a rare but very senous complication of
epilepsy, of cerebral wounds, of p -phalitic Parki 1 n}nd
of lesions of the brain stem Weber and Blum concluded that irrita-
tion of the vagus nerves was m some way involved; m:ld in the case
reported the rehef gamed from hyoscine and atropine bears out

this explanation.
C:urf::ron {26) has given a more thorough analysis af the problem

presented by the hterature, and points,out t]m‘t on the evperiment:’xtl
side many of the methods used to p p y edema :esus
in anoxia, jrrespective of what has been done to nervous struc :r‘est;
But, again, this author is chnvinced. that the coudlfmn ];::{:o mrm
entirely from nervous sources. To this end, he and his colla]
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De (27) have produced conclusive evidence and have led us again
tothe vagus netves as the responsible agents
At this point, jt is worth while to consider something of what
we know about the effects of nerves upon blood capillaries Vaso-
dilator nerves produce widening of capullaries but unless some other
Lictor, most notably anovia of severe degree, is present, excessive
leabage resulting fn edema is not produced. Tt would scem that the
virying needs of the tissues should result m the presence of nerves
whicl m some way increase capillary leakage, but, with the excep-
ton ?l the Judney, where sympathetic nerve stimulation causes a
sufficient narrowing of efferent glomerular capillaries to mnduce
inereased glomerular filtration, I know of no conclusive evidence
in which such a result is induced by nervous influences. That is,
nenes to capillaries do not induce changes in the endathehum
,“‘"Ch cause abnormal leakage of fluid A possible exception exists
In the fact that irritation of pure sensory nerves—with the impulse
traveling against the uswal route, ie., away from the spmal cord—
gm' pr.wduce vasodilatation and, after a time, abnormal leakage of
s"lx:xi ;:;lh Tocal cde{na This is the background of certain cases of
\ard ema, \Im.carl.n of varying extent The hmgs possess, m the
8 nenes which induce a fur degrec of vasoconstriction and a
;l;‘;“:m]h‘c amount of vasodilatation, That they have a prominent
capﬂh:ii; moreﬂeluswe effect upon the permeability of the lung
thuts endo\:m:]e ect not seen except under very special conditions—
There 1y s lm} with unique properties.
St an;;) ev’ldencc which relates pulmonary edema to direct
St he ;)Agal ﬁl')crs to the l}lngs, hut it 1s not poss:b}e to
itate v ﬂs!' :])nrs without affecting the bronchioles—that is, to
cettain, ini endings to the Inng capillaries alone One can step
ot inih:{"ms aof pt.xlmtznary cdema by vagal section, but one
To o -mc t:md maintain the c?ndltion through the vag: alone
vlaton nspm‘,:,' l’-’ls(t‘(;o the observations which m(hcnlc.d vagal stim-
sectioned “:n\h ng edema, are those of Faher {28) This investigatar
Witer o t\:l;zn in rabbits and guinea pigs, being carcful in the
g yag 0 spare the laryngeal nerves, so that aspiration of
urs and Irevented Death occurred in three and a half to four
was preceded by the appearance of frothy salwa at the

nase At antopsy -
topsy there was sex ere pulmonary edema and congestion
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the charactenstic localized features of inflammation as scen in the
case of the systemic vessels,

Where the capillanies from the bronchial artery join the true
pulmonary capillaries—that is, at the beguming of the respiratory
part of the lobule—there is a vascular region which is peculiar in
that the systemic bronchial vessels connect suddenly with a vastly
greater capillary bed than their own size and number warrant. It
1s probable that at the point of anastomosis the bronchial circula-
tron slows to a considerable degree, and this may be the reason, as
pomted out by Miller (24), that this transitional circulatory zone
is a favonte site for the development of tubercles, both experimental
and in human infections.

The Problem of Neurogenic Pulmonary Edema

For many years clinicians have described cases of pulmonary
edema occurring abruptly and usually as terminal events n patients
with some sort of cerebral disturbance. Weber and Blum {25), for
example, described a case of hypoglycemic shock in a man of forty
who went mto “screaming coma” with opisthotonos. This patient
gave clinical evidence of pulmonary edema, which was not relic\:cd
by treating the hypoglycemia, but an injection of hyoscine-atropine
brought the severc attack to an end. This man had no disease of
the heart, blood vessels, or hungs, and the conclusion was clear that
the lung edema was of nervous origin. The authors cite a nurber
of otlier cases, all with a background of nervous distutbance. The
condition 15 known to be a tare but very serious complication of
epilepsy, of cerebral wounds, of postencephalitic P:xrl\msonisrr}, a‘nd
of lesions of the brain stem. Weber and Blum concluded that irrita-
tion of the vagus nerves was in some way involved; and in the case
reposted the relief gained from hyoscine and atropine bears out
this explanation.

Cameron (26) has given a more thorough analysis of the Broblen;
presented by the Iiterature, and points out that on the exPcnment:;
side many of the methods used to produce pulmonary edema result
in anoxia, irrespective of what has been done to nervous structures.
But, again, this author is convinced that the comh.uan can arise
entirely from nervous sources. To this end, he and his collaborator
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De (27) have produced conclusive evidence and have led us agun
to the vagus nerves as the responsible agents.

At this pomt, it is worth while to consider something of v 't
we know about the effects of nerves upon blood capillanes % ¢
dilator nerves produce widemng of capillartes but unless some othn o
factor, most notably anovia of severe degree, 1s present, excecs
leakage resulting 1 edema is not produced It would seem tluut th
varying needs of the tissues should result 1n the presence of ner ¢«
which i some way increase capillary leakage, but, with the cxecp
ton of the Kidney, where sympathetic nerve stimulation canses «
sufficient narowing of efferent glomerular capillanes to mdic
{ncreased glomerular filtration, T know of no conclusive eviden
fn which such a result 15 induced by nervous influences That
nerves to capillaries do not induce changes in the endotheliv n
which eause abnormal leakage of fluid A possible exception exnts
in the fact that irntation of pure sensory nerves—with the mpuhe
travelng aganst the usual route, i e, away from the spmal cord—
may produce vasodilatation and, after a time, abnormal leakage of
fuid with local edema This is the background of certamn cases of
shin edema, wrticana of varying extent The lungs possess, in the
vag, nerves which mduce a fair degree of vasoconstriction and a
questionable amount of vasodilatation. That they have a promiment
and‘ much more elusive effect upon the permeability of the lung
capillaries—an effect not seen except under very special conditions—
thus endows them with unique properties

"I'here is no evidence wlhich relates pulmonary edema to direct
stimulus of the vagal fibers to the lungs, but 1t is pot possible to
Sh{nulate these fibers without aﬂ'cchng‘ the bronchioles—that 1s, to
iritate vagal endings to the lung capillaries alone One can stop
certain instances of pulmonary edema by vagal section, bnt one
cannot initiate and maintain the condition through the vagi alone
Yn_ sharp contrast to the observations which indicated vagal stim-
ulition ag causing edema, are those of Faber (28) This mvestigator
;echoned both vagi in rabluts and guinea pigs, being careful n the
atter animals to spare the laryngeal nerves, so that aspiration of
;ﬂlwa Was prevented. Death occurred in three and a half to four
n:‘;:::\d was preceded by the appearance of frothy saliva at the

autopsy there was severe pulmonary edema and congestion
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The animals were anesthetized with urethane and were given arti-
ficial respiration with air. Faber believed that the release of the
strong tonic vasoconstrictor effect of the vagi caused capillary dilata-
tion, blood stasis, and edema. It is not possible to explain these
effects through the heart or general circulation, In this later day,
one wonders whether—if there had been no anesthesia and less pool-
mng of red cells in depend capillaries—progressi kage of
vessels would have occurred, with consequent anovia, mereased
capillary pressure, and edema. The experiment deserves further ex-
ploration, but does not certainly bear upon the possible direct effects
of vagal endings 1n lung capillanies in causing the endothelium to
become abnormally permeable.

Pulmonary edema is always an inauspicious development, and 1t
is natural that a wealth of experimental work has been devoted to
its explanation, particularly so on the neurological side of the prob-
lem. First of all, increased cerebrospinal pressure must be very
great 1n order to produce edema; and vagal section checks 1ts devel-
opment The problem is made more difficult on account of the task
of determmng whether increased fluid in the lungs 1s inside or out-
side of the blood vessels, This 1s not the case when abnormal vascular
leakage 15 well established, but it 15 very much of a problem when
attempts are made to measure shght degrees of edema. Furthermore,
such factors as mspiration of saliva and anoxia may enter the experi-
ment and confuse the results There is, however, no point in di.scuss-
ing all the ways pulmonary edema has been pmduced.'hfassn'c or
rapid infusions of salt solution bring it about, as one might expect.
Such observations, however, have but one relation to the 'problcm
of neurogenic origin—namely, that the vngi' apparently mﬂucncg
the process. Luisada and Sarnoff (29),ina sencs.of pnp'ers, .rcpcflc
the production of lung edema m dogs by massive snh.ne mftxsxon;
given towards the head of the ammal, coupled with st:muhuon.o
cardiovascular nerves Such experiments have value m S]lO\Vll"lg
that nerves can participate m the process, but they fail cnhrc}ly lrg"
explaining why, 1 the | of normal blood and with no hea
orrlung i:vo]vemenl, patients suddenly eperence so dangerous 2
serzure as diffuse leakage of plasma into the alveol, b -

Expenments dircctly apphcable to the prf)b]cm have been pe i’
formed by Cameron and De (27)- These investigators were
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deavanng to produce hydroccphalus by interng} mjectton of fihyy,
Mixtures, when, tq therr Strprise, the C¥permenty] AMmmals i fye
o ten minytes devclopcd fatat pulmomr) edema Rabbuts anq fats
“ere the animals employed, pyy¢ the reaption WS 30 unform, and
30 severe ¢ Seemed certagy, that other Anmals woyld pe suniarly
affected 14 18 an Inferesting E¥Pression of the elusn enegg of the
Dproblem that Gamble and Patton {30) observed some degree ¢

of the injection Mass—in s nstance, fibryy, g, which q smapy amount
f India ink hag been ded to make 1t fully 5 h)0 The summary

15 folluwa Y acute puImonary oedemg These results Suggest that

Paralyse atropime, o when cocaine 5 admuistereg before
e e, imection The Mereased cercbmspmal fld pressure
which fol the cisterny) Wection 15 pgp the oL’(lem'l-pmducm
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way of the vagus nerves whereby plasma leaves the pulmonary ves-
S . ,.

een so defi-

Llutely mvoived, though just how the nerves act is problematical.
Cameron and De’s suggestion that vagal endings in the lung capil-
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THE LYMPHATICS OF THE LUNGS AND PLEURAL
SURFACES

Tm Lymrn vascular system of the Jungs resembles that of other
parts of the body in that 1t is engaged constantly in the removal of
extravascular substances which enter blood capillaries with diffi-
culty, or not at all. The distinctive architecture of the Jungs, the fact
that so far as possible nothing is present evcept blood vessels and air
spaces, plus an economical distributton of elastic fibers and smooth
musele, leaves but hittle space for lymphatics and lymph.

The pressure of the blood i the lung capillaries is low, § to 10
mm. of Hg, far below the colloid osmotic pressure of the blood, so
that there is every tendency for prompt absorption of water and
simple solutes

In the body generally, aside from the specialized task of absorb-
mg fat from the mtestine, the lymphatics are engaged in the con-
tinaots removal from the tssue fluid of blood protcin derived from
the blood plasma. If we except the flow of lymph from the intestines
and liver, lymph is normaily small in amount; and lung lymph is no
exception to this fact.

The constituents of Iymph enter thus vascular system through t?)e
walls of lymphatic capillanes These walls consist of endothelial
plates and are nowhere directly open to the tissue fluid In the lungs
this means that the constituents of the lymph--water, salts, hlood
proteins, leucocytes, Iymphocytes, occasional erythrocytes, and
microscopically visible forcign particles~must pass through 2 cel
Tular membrane before becoming part of the Iymph The cnpl“.’l'l'y
endothelium of Iymphatics has often heen considered legocyhl‘,
and even secretory, on account of the proteins and pnrucula!c ma-
terial found in the lymph There is no evidence, how ever, that };;x:-
mal lymphatic endothelium ever possesses such functions Possibly,
as in the case of blood vascular endothelum, the cells may display
phagoeytic power in areas of mjury \\'hexjc regeneration Is ]PT”ET ::::
g rapudly. But such activity is the exception, and whatever lymp!

T4
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ics contam must be understood to have been brought into the lymph
by forces operating outstde the vessels, and an no way due to powers
wherent 1n and charactenstic of the lining cells

Knowledge of the composition and flow of Iymph mn the human
lang has been obtained by gross histological study of autopsy ma-
tenal, both from normal lungs and from lungs subject to disease,
For example, the direction of flow of lymph toward the nodes ot the
lung roat 15 gained by study of the direction of the valve leaflets
m large draining lymphatics To this mformation from human ma-
tenial, a good deal can be added from expenments upon anesthe-
tized amimals, partrcularly dogs, where sufhciently large vessels for
cannulation and lymph collection can be rsolated

Anatomy

The lung lymphatics are smid to exist as capillanes in the tissue
surrounding the alveolar ducts This means that Jymphaties are di-
rectly adjacent to respuatory epithelium only where respiration
begmns, and not about the atria and alveols, the actual resprratory
part of the Jungs. Miller's diagram (Figure 1, opposite p 5) slius-
trates what 15 believed to be the case Here a plexus of Iymphaties
along a fine bionchiole and a pulmonary arterole forms larger drain-
mg trunks, winch accompany the bronchi and artertes and which
communicate with a somewhat separate group of lymphatics along
the pulmonary vetns The lymph in thns latter group of vessels flows,
m the maim, toward the root of the lungs. There is, however, a nch

Hows toward the root of the lungs,

The lymphaties of the pleura are readily seen at autopsy in the
lungs of city dwellers or of those whose work has exposed them to
particle-filled air The large vessels, visible as a sencs of polyhedral
rings, owe their i to foreign p les which have
been inhaled and wiuch in some way have passed into the alveolar
walls and eventually into lymph capianies. If the lymph capillary
empties into a larger Iymphatic 1n the plexus of vessels associated
with a ven, the particle may reach a pleural lymphatie, and by ad-
hesion to the wall gradually outhne the vessel so that 1t becomes
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visible macroscopically { Figure 25), Between these large pleural ves-
sels, which are well equipped with valves directing the lymph flow
around the fung surface and preventing regurgitation into the depths
of the lung, a finer uregular network of lymphatics is found. Many
of these last vessels are of microscopic size and probably have httle
function unless pleural irritation is present.

To most observers of the lungs, the lymphatics are very incon-
spievous; and the fact that the lymph vascular system in the Jungs is
ong of the richest in the body is not recogmzed. The reconstructions
af lung lymphatics made by Miller provide the best conception of

Frovre 26 Pletus of lymphatics about a pulmomiry

vein (From Mmeer, WS The Lung, 2nd ed, Fig

753, p 97 Spnngheld, 1, Churles C Thomas, Pub-
lisher, 1047.)

the profusion of lymph vessels, Those i Figure 26 ')ie in lh‘e t\SSu;
surrounding a branch of a pulmanary vein. A very similar pl E“t;«l :!Q
Iymphatics is found about the bronchi and about the ar‘lc}nes. -
usual appearance ganed from sections, such as that of the n'onfc!hc
shown m Figure 27, gives but a poor conception of the c‘(]lcn]l onnds
lymphatie system. The normal flow of Iymph through such ¢ mt "
is slow and small in amount It 1s toward the lymph nodes a

i i i I dema
root of the lungs and in the mediastinal tissues \Vhen“‘\il‘x;‘g AeNTU,

oceurs acutely, as in phosgene poisom'ni,: ursaf!er do’s?ge S encs of
lymph production s vastly urround ’
l%ghnl‘i)cs, such as are seen in Figures 26 and 27, become greatly




Ficem 25 Lymphatic plexus i the pleura of a human

lung Note that the luge lobulr vessels are conneeted by

smller branches, ordinanly uot seen {From Miirn

WS The Lung 2nd ed, Fig 76, p 99 Sprngheld It
Charles C Thomss Publsher 1917 )
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visible macroscopically (Figtre 25), Between these Iarge pleural ves-
sels, which are well equipped with valves directing the Iymph flow
around the lung surface and preventing regurgitation into the depths
of the lung, a finer nregular network of lymphatics 1s found, Many
of these last vessels are of mucroscopic size and probably have little
function unless pleural writation 1s present

To most observers of the lungs, the Iymphatics are very incon-
spreuous, and the fact that the lymph vascular system in the lungs is
ane of the richest m the body is niot recognized. The reconstructions
of lung Iymphatics made by Miller provide the best conception of

Ficure 26, Plexus of lymphatics about s pulmonary

vewn {From Muwccr, W.S The Lung, 20d ed, Fig

75a, p. 97. Spnngfield. IiL, Charles C Thomas, Pub-
Tisher, 1947.)

the profusion of lymph vessels. Those in Figure 26 !xe in the hssm;
sunoundmg a branch of 2 pulmonary vein A very simlar plexus ol
Iymphatics is found about the bronehi and about the arteries, 'll;hc
usual appearance gamed from sections, such as that of the bron: rns
shown in Figure 27, gives but a poor conception of the extent of t \‘:
lymphatic system The normal flow of lymph through such nlmnn}e
i sfow and small m amount. It is toward the lymph nodes af the
root of the lungs and in the mediastimal tissues, When h‘mg e:l{;r;}ﬂ
oceurs acutely, as in phosgene poisoning or after dosage with Al 01:
lyraph production is vastly increased. Surrou:dmg p]emse:my
Iymphatics, such as are seen in Figures 26 and 27, become gr



Ficure 25 Lymphatic plexus i the pleura of a human
lung Nate that the large lobular vessels are connected by
smuller branches, ordinanly not seen, (From \iLLFR,
WS The Lung, 20d ed, Fig 76, p 99 Springfield HI,
Charles C Thomas, Publisher, 1947 )
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Ficene 27 Lymphatics in the wall of a bronchus lled with can-
cer cells This fgure Mustrates 1n a stnking manner the role the
ol

P lay in the d of disease processes m the
lung (From MuiEr, WS The Lung, 2nd ed, Fig 73, p 94
Sprngfield, 11, Charles C Thomas, Pubhsher, 1947 )

dilated, so that the individual tubes in the net are crow ded together
and a sleeve of lymph—often called a penvascular space~seems to
surround the ven, the artery, or the bronchus upon which the ves-
sels ke The valves in the lung lymphatics are not numerous and
readily become mcompetent Under normal conditions, they are so
meonspicuous that they are smd to be absent n the deep vessels
When, for any reason, normal lymph flow 1s blocked, the fluid backs
up 1n the larger trunks Lymphatics along the arteries and bronchi
communicate with those along the veins, and these last, at the very
surface of the lungs, commumcate with the network m the pleura,
1t is thus mevitable that, gven blockage, pleural thickening, exuda-
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tion, and formation of adhesions follow. The effects of lymphatic
obstruction, divested from those of acute inflammation, develop
slowly, largely because the lymph drainage of any area is usually
very extensive and consequently difficult to block. Such obstruction
anywhere in the body is mvarably attended by progressive growth
of fibrous tissue, leading m many parts to elephantiasis. In my
opmion, the essential lesion in pneumoconiosis 1s of the same sort.
Blockage of lung lymphatics leads to deposition of fibrous tissue;
and on the pleural surface this means pleural thickening and ad-
hesions. Such changes mterfere with the movements of the lungs
and a respiratory handicap of varying extent ensues.

Physiology

The amount of Iymph in the lung Iymphatics is certamly variable
and cannot be estimated. We do, however, know something about
the flow of Iung lymph and conditions causing and restrammg 1t.
Lymph 15 a dertvatve of blood plasma, which has leaked into the
tissues through the capillary walls and has passed mto capillaty
Iymphatics. So far as 15 known, these capillary lymphatics possess
an mtact endothehial wall—that is, they are not m open communica-
tion with the tissues. I have pomted out that there are no Tymph
capillaries in the alveolar walls where blood capillaries are max-
imally numerous. It is thus apparent that water, salts, and proteins
—denved from the blood~and alveolar inhaled foreign pa'mdes
must often have a minute, but appreciable, period of travel in tl}e
lung tissue before a lymphatie 15 reached and the material ﬁ'nds lt;
way through the endothehum into the vessel. In the case of mhnled
particles, phagocytosis may be mvolved, matenial beng mgefte
swithin the alveoli, carried by the cells into the tissues and then lx:;o
the lymphatics, where these elements drift along to a Iymphl node
and are entrapped. In the degree to which particles induce 2 cf ugn.lc
and inflammatory reaction m the lung tissues, in lymph:mcs, :'ﬂ I}“
Iymph nodes, some degree of blockage of lymph flow gradualy
takes place and lung fibrosis results ) e

It is the usual idea that particles leaving the alveofi, and mdSU e
way becoming the cause of lung fibrosis, are first p.hagocyﬂ)se t“ p
get into the Iymph stream by virtue of ameboid mave:;:::l o
phagocytes. To some degree, this may be true, but the fact that p:



Ungs contapy, Numergy,g cDHectxons of Iympbocytes unor.
8amzeq 0 true Iympb Dodeg Orergn body deposmcn occurs i
s s, Bbrogys eve]ops We do 1ot knoy, the
Telatipy f these iffuse coHectmns o) pliocytes to the § h
tre

a
mmumcahons betweey the 1y Sdes (o, M2y msol o the
% via ¢ € trag) ea, og Serum contammg carbon Par-

tle obty, n u

Y, but p Such hypoy €515 p5 Proved ¢

uct mq € aser, 3
With Very foy, e\-ceptmns, Movements of Iymph are dug ¢, Move.
Ments ' Iungs o to the Pulsation of 7€by bloog vessels, If
"ight-dycy Bmph ¢ flowing under nopy breathy, the Prac.



78 THE CLINICAL PHYSIOLOGY OF THE LUNGS

tion, and formation of adhesions follow. The effects of Iymphatic
obstruction, divested from those of acute wflammation, develop
slowly, largely because the lymph dramage of any area 1s usually
very extensive and consequently difficult to block. Such obstruction
anywhere in the body is wvariably attended by progressive growth
of fibrous tissue, leading in many parts to elephantiasis, In my
optmion, the essenhal lesion in pneumoconios:s is of the same sort.
Blockage of lung Iymphatics leads to deposition of fibrous tissue;
and on the pleural surface this means pleural thickening and ad-
hesions. Such changes wterfere with the movements of the lungs
and a respiratory handicap of varying extent ensues.

Physiology

The amount of lymph 1 the lung lymphatics is certainly variable
and cannot be estimated. We do, however, know something about
the flow of lung lymph and conditions causing and restraming it
Lymph 15 a derivative of blood plasma, which has leaked into the
tissues through the capillary walls and has passed into capillary
Iymphatics. So far as 1s known, these capillary lymphatics possess
an mtact endothelial wall—that 1s, they are not n open communica-
tion with the tissues. I have pointed out that there are no lymph
capillaries in the alveolar walls where blood capillanies are max-
imally numerous. It is thus apparent that water, salts, and proteins
—denved from the blood—and alveolar inhaled foreign particles
maust often have a mmute, but appreciable, petiod of travel in ﬂ'\e
lung tissue before a lymphatic is reached and the material gnds its
way through the endothehum into the vessel. In the case of. inhaled
particles, phagocytosis may be involved, material being mges.tcd
within the alveoli, carried by the cells mto the tissues and then fnto
the [ymphatics, where these elements drift along to 2 lymph node
and are entrapped. In the degree to which particles mduc(f a cluou}c
and inflammatory reaction in the Jung tissues, in Iymphatics, and ;n
Iymph nodes, some degree of blockage of lymph flow gradually
takes place and Iung fibrosis results. ) .

It 1s the usual idea that particles leaving the alveoli, and in sum‘zi-
way becoming the cause of lung fibrosis, are first p.hagm:ytosed‘:u:J y
get into the lymph strcam by virtue of ameboid ?o;egc: o
phagocytes. To some degree, this may be true; but the fact that p:
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the lymph, Sunilarly, the hughly diffusible antibiotics will reach the
lung parenchyma and the lymph. Of more interest to us, 1s the prob-
lem of absorption of different solutions and of visible particles
from the alveol. In 1936, Fox (1) mjected a vanety of antisera in-
tratracheally into rabbits and dogs He found that antibodies of
three types i foreign or homologous serum appear very slowly
the blood stream and are retamed in the lungs for a long time. Stenle
mflammation of the lungs was induced by injecting starch-aleuronate
suspension ntratracheally on the assumption that absorption from
mflamed tissue mught be more rapid This did not prove to be the
case

These expenments simply demonstrate the fact that watery solu-
tions containing protem are removed n scant amounts and very
slowly from the lungs They do not answer the question whether
such absorption as does accur expresses direct entrance mto the
pulmonary blood capillaries or whether 1t 1s via the lymphaties

A year after Fox's report, Drinker, Warren, and MacLanahan (2),
employing anesthetized dogs, injected hose serum, crystallized
hemoglobn, and erystallized egg albumin mto the trachea. Before
mjection they tied off the nght lymphatic duct and cannulated the
thoracic duct, Under these conditions, any matenal introduced mto
the trachea and eventually reaching the blood was almost certainly
absorbed directly mto the blood capillaries After an hour’s time
fant traces of the mjected protein were occasionally found mn the
blood, but absorption by this route was very shight

Drinker and Hardenbergh (8) m a second set of expenments
upon anesthetized dogs injected dog plasma, bovine serum albunun,
egg albumin, crystalline hemaglobmn 1n Runger’s solution, and finally
glass spheres suspended i distilled water These spheres are readily
seen microscopically m lung sections, and cannot be confused with
the black particles found in the lungs of adult dogs In bref, therr
findings were that the absorption of all the protem solutions was
sbight and that the lympl were lly responsible for it
They felt that the puncipal barner to entrance mto the lung of
protein-contaming fluids m the alveoh was the “epithelial hining” of
the alveolar sacs Whether or not there 15 a continuous cellular bar-
nier lining the alveoli s open to question At the same time, 1t seems
certam that something more than the blood capillary and Iymphatic
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frcally ceases if one shifts to miratracheal insuffiation without breath-
ing movements. On the other hand, artificial respration gwven
through a tracheal cannula, with alternating blowing and sucking,
produces a maximum flow of lung lymph, the lymphatics in the
thoracie cage bemg massaged regularly by the movements of asti-
ficial respiration There s no doubt that ntralymphatic matenal can
be widely distributed through the lung tissue by the highly adve-
cated resuscitators, which as they deliver air augment fymph and
tissue fluid flow in the lungs to a degree little appreciated by those
wha advocate them

T have already pomted ont that the amounts of lymph leaving
the fungs {o enter the blood are small. We have no idea what they
may be m man, since 5o far as I know no one has bad either the
reason or the temerity to cannulate the human nght lymphatic duct,
and nght duct fistulae, when they have occurred, have not been
recogmized Qur mmpressions of the flow of lymph from the lungs
are ganed from esperments upon dogs, and while the flow per
munute m a large and healthy dog is but a fraction of 2 cubic centr-
meter, it must be recollected that some degree of lymph flow in the
Tungs never ceases As long as breathing and heart beat continue.
onward movement of lymph will go on, even if exceedingly slow In
my opmion, lymph flow m the lungs, dependent as it is upon respira-
tion and aireulation, is a steadier phenomenon than lymph flow m
other parts of the body—as, for example, the Iegs—when? complete
quiescence of the part may last for hours, during which time lymph
flow 15 unrecognizable. ¢

In protem content, lung lymph 15 usually about one-half that of
the blood plasma from which 1t 15 formed In pormal dogs. 37 per
cent of protemn 1n the lung lyraph is an average amount If mﬂm[n-
mation s present, this figure may tise to 6 5 per cent, or \Imtfof the
blood plasma. Sumilarly, of the blood is diluted by salu;e m1 usxoné
the lymph protem concentration falls Alburn and % obulin ar
present, their relative concentrations being those in bloa

The low pressure m the pulmonary cap
permeability of these vessels are 50 adjusted that very littl o
dation oceurs 1t 1s, however, abvious that if readily d\ﬁusx\)le'su‘“
stances, such as the sulfa drugs, are mjected intravenously, fhez ;‘]’; ;
leave the lung capillaries, enter the lung parenchyma, and eventually

flaries and the normal
little transu-



THE LYMPHATICS OF THE LUNCS 83

begins to move through the lymphatics toward the nodes at the
root of the lung The large phagocytes concerned i this migration
may be arrested en route and, disintegrating, give up their particles,
which, in turn, may be picked up by other phagocytic cells

This process of clearing the alveoli of particles and depositing
them in the Jung parenchvma, where they may mitiate lung fibrosts,
has dominated our thinking upon the pathogenesis of the pneu-
moconioses It is, of course, essential that particles become em-
bedded in the lung tissue in order to cause fibross, and that ence
within the parenchyma the particles drift toward the root of the
fung in the lang lymph It can be shown that if carmime particles,
4 por Jess i size, are depostted 1n the alveol: of a dog's tung they
are found in lymph nodes at the Jung root within an hour, This 15
too rapid a transit to have phagocytosis as an il component
Apparently, foreign material leaves the alveol readily m the pres-
ence of breathing, much less readily if breathmg movements are
absent, Once in the lung tissue, whether in lymphatics or not, large
phagocytes, similar to alveolar “dust cels,” may mgest them, for
such macrophages frequent the Iymph stream and if they carry for-
¢ign particles are generally thought to have gathered them swhile
Intra-alveglar

The fact that foreign matenal collects i the lymphatics—which
in thexr turn, reach lymph nodes before the lymph enters the blood
Stream—makes deposition of particles along lymphatics and m lung
nodes inevitable, with 1 blocl and the possibility of fi-
brous tissue development, analogous to that scen m the lnnbs and

dependent parts when Jymph block occurs and elephantiatic change
ensues.

REFERENCES
1 Fox, J P.. The permeability of the lungs to antibocies J Immunol,
1936, 31, 7
2 Dumvkrs, € K, Wanrey, M, F, and MacLaxanax, M The absorp-

tion of protern solutions from the pulmonary alveoh J Etper Med,
1837, 66, 449.

3 Davken, C K, 2nd Harpens E Ab
alveoh §, Exper Med, 1047, 5, 7.

4 Courmcr, F €., and Suvovws, W. | Absorption from the lungs. /
Physiol , 1949, 109, 103.

from the pal 14



82 THE CLINICAL PHYSIOLOGY OF THE LUNGS

endothelium hinders absorption from alveoli ta blood. Prinker and
Hardenbergh could not find that their glass spheres reached either
the blood or the lymph stream even after many hours, and tus find-
mg was not altered by vastly increasing lymph flow by means of
intravenous myections of ANTU. Theu experiments did show much
phagocytos:s of the glass particles, and in tue this would have re-
sulted i transportation of the particles to the lung root.

In another group of researches, Courtice and Simmonds (4), em-
ploying unanesthetized rabbits, also found the absorption of protein
solutions from the alveoh very slow, but distinctly faster than in the
presence of anesthesia. This difference is not explained by the au-
thors, but emphasizes the fact that 2 normally breathing lung, ac-
companied by changes of position, is of major importance i pro-
moting pulmonary absarption.

More recently Hahn and his associstes (5, 6) injected adio-
active silver collaids by means of a bronchoscope into the Jungs of
dogs They detected the radiactive colloid in substantial
w regional lymph nodes thuteen days after the injection. In as short
a tune as two days, there were traces of the siver in the }ymp'h
nodes The authors suggest that in metastasizing lung tumors this
mught be a useful method for treatment. Radivactive material in-
jected mnio the trachea or mto a large bronchus would be ﬁltc.red
out 1 the Iymph nodes with tumar cells and would provide continu-
ous dosage of the tumor. .

Owing to the fact that many soxts of insoluble particles are con-
stantly inhaled and reach the alveoh, from svhich they slqw!y d1§-
appear, the physician 1s necessanly interested in the way in which
the alveoh became free of such foreign material; the relation of the
size of the particles whaled to the number reaching the n!v?d;;
thew chemucal, crystallographic, or amarphaous 3tmchnc,Y cte I:g;cl Y
of these ck 1stics has been ively investigat I"hl g
Robertson (7) publshed an evcellent review .nnd bxbhogmpt);h(::
the subject. For our present interest, st s sufficient to poat ou

inhaled into the alveoly, but the
particles as large as 12 » may be inhale Sished.
smaller the particles, the more casily this passage s aceomplis, d
When the alveoli are reached, the particles may be P}'“8°°91£5:m
and carried by the ingesting cells mto the lung pam;;’?):mc'e‘l‘lular
lymphaties are entered, and the foreign material, shill intra 9
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