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v PREFACE

rdez—wine shop again-~pen and il —back agatn—cut and
noble time, sir Sportsman, sie?* abruptly turning to Mr Winkl

Eventually the work was done and the lectures delver
returnmg to Boston, I decided to add a fifth chapter on a1
resprration, g subject of mterest to me over many years and
mvolved mn many of the issues discussed m the sectior
ceding 1t

It 1s quite true that I have been part of all the expen
used m these lectures, but only part The first isolatior
quantitations of lung lymph flaw ere the accomplishm
Madeleme F Warren Later, Esther Hardenbergh and He'
Gulbert entered the discouraging tash of nght lymphats
cannulation and verification of the fact that the Iymph col
from this duct depended upon events n the lungs

1t would be far short of reality if I failed to achnowled,
sagacity of our old associate, Lows Frem, in the important ¢
selecting ammals, and, through long experiments, vigilantly ¢
ing their condition

Finally, to Katherine R Drmker, I ascribe textual acc
and phrasing beyond my casual abilities

Ceerw K Drinxer, M

Harvard School of Public Health
January, 1945
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I

THE RELATION OF LUNG STRUCTURE TO
EDEMA AND INFLAMMATION

HE SUBJECT of these lectures, pulmonary edema and m
flammation, 1s a very old one, but since many people suffer

and will continue to suffer from fld 1 the lungs and n the
pleural sacs physicians are bly d 1n the cond
and processes involved mn the appearance and removal of excessive
pulmonary flud

My mterest m pulmenary edema and the events leading to it
began twenty years ago when Churchill and I were engaged in
experiments on the effects upon the amount of blood mn the heart
and lungs of graded obstruction of pulmonary arteries and vens,
and other probl the pul y crculatton Day
after day we speculated on the condition of the lungs at the end
of the experiment Invariably there was atelectass and pulmonary
edema and I think even then we realized that almost any sort of
analysts of the dynamics of what we saw at autopsy would be far
more valuable than the measurements of pressures 1n the largest
pulmornary blood vessels, which was our current objective This
expenience was that of all mvestigators of the problems of transu
dation and exudation i the lungs The experiment was fimshed
when what had occurred was seen at autopsy, but there was no
way to follow the development of the lestons

In 1942, Mrs Warren and I (1) found 1t relatvely easy to
collect lymph from the lungs of dogs by cannulating 2 large
Iymphatic in the anterior mediastinum This expenment was
carned out under artificral respiration with the thorax open
which of course destroyed the normal negative pressure in the
chest Also, for reasons which will become clear later, the move
ments of the lungs durnng artificial respiration by means of a
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positive blast of air delivered through a tracheal cannula are
very different from those attending normal negattve pressure
breathing with the thorax unopened Not only are the mosemeats
of the Jungs different, but positive pressure ventrlation imposes
very abnormal forces upon flwid m the alveol and interstitial
tissues of the lungs in the sense of moving such flind into and along
the Jymphatics Yet, i spite of these unnatural condrtians, 1t was
possible, under artificial Tesg , 1o gam o hittle m
formation upon the production and movement of excessive fimd m
the lungs The most interesting of our findmgs was the speed with
which lack of oxygen m the ventdatmg air caused increased
lymph flow, and the regulanty with which this excesstve lymph
movement stopped when ventilation with pure oxygen relieved
the asphyxia, provided the anoxia was relatively brnef It was
apparent that exammations of lymph flow from the Jungs undes
natural conditions would have the possibility of giving 3 functonal
approach to the problem of pulmonary edema (2) We might, 0
1t seemed, learn something of the progress of pulmonary transuda
tion during its actual occurrence, rather than by reasoning after
an experiment over the way m which pulmonary changes observed
at autopsy had developed

When one labors for a Jong time upon vestigations such as
these, and gives an account of them afterwards, it often seems to
s audience as 1f the mvestigator knew all of the conditions play
g upon the expertments, was thoroughly aware of all the nuances
1n the progress of lus work Such is never the case Much of what
15 Jearned from an experment 15 learned as the worker ponders
over 1t later, puts together odds and ends, and puzzles out ﬁi:
implications It 1s this sort of mental digestion of the expenuments
of many years swhich these lectures present

STRUCTURAL ARRANGEMENTS IN THE LUNGS SIGNTFICANY
¥ TRe DEVELOPMENT OF PULMONARY EDEMA
1y ack fedged that two factors att

Cepill ~Itis ack g
1 i causmg at i d: 1o the lungs 4
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pleural sacs They are, first, sustained crease m pulmonary
caplary pressure and, second, ancua It 15 not easy to apply
expenimentally either one of these causal factors of pulmonaty
edema alone Sooner or later the second factor begins to operate,
and, chimcally, while one or the other may be dommant m a
particular case, they never, in my opinion, work alone Lack of
oxygen causes mcreased permeability of blood capillaries all over
the body In some tissues the endothelium 15 more resistant than
n others Thus, one may completely occlude the wirculation to
the arm for some munutes without observing noticeable swelling
when the tourmquet 1s released Resistance of the capillary endo
thelum 1n different tissues to oxygen lack 1s an interesting and im
tensely 1mportant phenomenon, since ordmanly the endothelium
is considered to be a unit tissue, siumilar everywhere But structural
simulanty, so far as present microscopic observation permts, does
not mean functional identsty In the possession of contractility,
for example, capiilanes differ markedly in different regons, and,
similarly, resistance to anoxia—an event so common as to be
a phystol 1 for all parts of the body—
vanes mn the caplllanes from tissue to tissue Methods for de
capitlary p \i to water and dissolved
substances are not sufficiently refined to permit grading the body
ussues 1n regard to this property of endothelium but, 1 spite of
lack of a precise estimate, we may consxder, T believe, that the
dothelium of lung capill 15 lable by anoxia
The reason tlus fact 13 not more widely recognized climecally 1s
not because anoxia will not cause prompt and steady leakage if
1t occurs, but 1s because of the difficulty of asphyxiating large
groups of lung capillanes
With regard to capitlary pressure as a factor i 1nducing ab
normal filtration, 1t must be realized constantly that pressure 1n
ducing filtration through a membrane 15 directly related to the
condition of the membrane at the moment Thus, the pressure m
the lung capullaries of a patient with decompensated mitral stenosts
and an madequate nght ventricle may be lower than normal
nevertheless, anovia may have so altered the endothelum of the




6  PULMONARY EDEMA AND INFLAMMATION

pulmonary capilanies as to render the low head of pressure dis
astrously effective i causing filtration of flud mto the alveolar
mterstitial tissue and mto the alveoh

The arrangement of the lung caprllaries 15 adapted beautsfully
to therr function You gam an unforgettable picture of this adaptz
tion 3f you delver the Yung of a pithed frog through the body wall
nflate 1t shightly, and view the surface through the usual ngh
dry lens of the microscope What you see m the simple, sigle s
lung of the frog is precisely what much more refined methods of
observation dsclose for the alveolar capillary crculation 1 fhe
mammal Figure ! 15 a reconstruction (magnified 480 times) of
the capillary net in 2 mammahan ahveolar wall (3) In visualzsng
this mesh, one should conssder 1t overlard on both sides by 2
delicate layer of alveolar epithelium It 15 the meat of 2 wtal
sandwich of which the enclosimg outer Jayers are so tentiously
thin as to be mnconsequential in restraming diffusion of gas or of
fluid from the capillaries The vascular area provided by thus net
1s maximally great, and the fall i pressure between pulmon3y
arterioles and capillaries must be n proportion A glance at the
crrelated hang of the frog or mammal will show that bload ol
through thus net in a sheet The Jung does pot possess capilary
umts of mdependent length of any consequence The capdlary
circulation 1 all the fissues of the body 1s netlike, not chat
actenzed by long sndependent channels a3 the words “capilay
blood vessel ’ cause us to assume This arrangement provides an
automatic safety valve aganst accessions of pressure, agd noswhere
15 it so much 1 evidence as 1 the Jung capidiaries The lungs mlﬁ:
meet the general bodily requirements for oxygen with aslomshlza
speed It 15 not surpnising, therefore, that they are organized to 40
this 1n a thoroughly passive say The evidence that Jung capﬂl:mt:
are capable of adaptive independent contraction and relaxatson ¥
teet the needs of the moment 15 unconvineing If such reactions
do occur m the sense imphed by Wearn and his associates (4),m5
vestigators must have more substantiaf evidence of suck re-’m?:r
than expeniments so far have supphed One ¢an see {hat artenol
constrichion mught alter the distrsbution of lung blood to 2 co8



FIG 1~~The capillary net n the wall of an akcolus \ 480 (From Muller s
TeLing 1937 fig 55 p 71 By permussion of Charles C Thomas Publisher
Springfield Mimors )

2 wthy Vet 3

116 2—1levus «f hymphatics about tle bronchi and pulmomin artery
N1 (krom Vhller by permissior of the lruers i ke s & of Tulerecloss,
1919 vl 3 1g 1 p 196 See al o Mller ¢3) fg 6 p %)



Pleyyg of lymnhaucs aboyt 4 pulmonar) ‘e \ 26 (From p
by PerMission of the Amerscq,, Retrer, of Tuuberculogyy 1919 o1 5 i
P19 gu, Uso Miller (3) fig 67 Po9o)

Fre I ~Plevys of bymphagycs | 2 1ateriohypy, septum \ 76 (:;H
Miler p,, 155100 of gha American Reyyoy 9 Tubereulogss fog9 ¢
'8 4 p 200 See algg Miller (3, fig 69 94)
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justification of this confidence has been made for the lungs by
Drastich and Ins collaborators (5) These mvestigators produced
atelectasis and removed parts of the lungs 1n dogs, and, after thest
recovery, observed the animals duning the moderate exercise of
runmng on the level and during the more strenuaus execcise of
smmming They concluded that the dogs could run moderately
and without embarrassment when 50 per cent of therr lung tissue
was actually gone Swimming a more strenuous exercise, caused
the animals increasing difficulties The observers further secured
evidence that when air was excluded from large amouats of lung
tissue by blockage of a bronchus, although crrculation through this
unventdated tissue continued, the handicap for the anmal was
ncreased

There 15 2 final peculiarity of the lung capillanes which 15 1m
posed by their posttion It 1s the fact that to very great degree the
capillary endothelum 1n the alveolr depends for uts oy gen supply
on the alveolar arr The pulmonary capillaries, unkie those m
the rest of the body, do not dip mnto the general pool of exygen
brought by the artenial blood, but are dependent upon the condi
tions govermng alveolar ventdation or, if surrounding bloched
alveols, to 2 Jarge degree upon the precanous supply of ovygen
remyimng 1n the venous blood This 1s a matter to which further
reference will be made later, but as a vital consequence of the
anatomucal position of the lung capillaries 1t requires mention at
this time

Lymphatics —There 1s 2 very large Iiterature upon the anatony
and pathology of the pulmonary lymphatic system, but there 15
compatatively httle information upon the functional position of
the widespread lymph vessels 1 the Jungs Tinal draung trunks
were cannulated 1n 1942, but with the chest open, satisfactory
expenments 1 which lung Iymph has been collected without

racatomy are more recent
th?r;:ereogr}; certain structural features of the puimenary hym
phatic system which appear to me of fundamental importance tf;:
understanding the accumulation and removal of excess fld )]n :
lungs Histological observations have shown that Jymph capullase
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do not surround the alveoh Their ultimate saccular radicles end
Just short of the atria, around the alveolar ducts, and thus before
the beginning of the largest quota of respiratory lung tissue This
means that the alveclar septa must become turgescent with edema
flwd before the lymphatics can be entered It s reasonable to feel
that excess fluid filtered out of the lung capillaries can enter the
alveolar air space just about as readily as 1t can spread 1nside the
alveolar tissue toward the lymphatic capillartes at the atria Free
alveolar flind, mvanably containing a certain amount of plasma
protein, has, as far as removal 15 concerned, a fairly predictable
destiny Such flnd may be removed through one or another of the
following processes and routes (a) It may dnit up through
bronchioles and bronchs and eventually be coughed up (b) Pro
temns, water, and salts may be absorbed into the lung lymphaties
and so travel slowly back to the blood (¢) Protemn may be broken
down by enzymes and the smaller molecular mtrogenous com
pounds, with water and simple salts be absorbed into the alveolar
capillanes

These alternatives pose consequences for the mdividual which
are of great practical importance First, and easy to understand, 1s
the fact that protemized flud in alveoli delivered slowly mto
bronchioles and on the way to possible expectoration 1s a po-~
tential blocker of air movement 1nto the alveol: involved, and thus
ameans of causing local oxygen lach 1n families of lung capillanes
With deprivation of oxygen supply, lung capillary endothelim
will become more permeable to plasma water and solutes, and
lung edema will inevitably become worse It 15 an outstanding
feature of oxygen lack that wherever 1t otcurs “anoua begets
anoxa” (6) n the lungs this s smkmg\y the case As T have
pointed out the endothel of p I} depends
upon the alveolar air for oxygen supply Il is thus the fact that
the normal condition of the lung capillaties is directly related to
the aeration of the alveoli which they surround If the normal
ventihition of 1n alveolus 15 lacking the local supply of otygen
available to a Jung capillary 15 perhaps Lttle more than that re-
maning in the venous blood dnven through the lungs by the
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nght ventricle If the mdividual )} 15 ipletely at rest,
this venous oxygen may be of moment 1n mamtaming a reasonably
satisfactory environment for the endothelium of the lung captt
lartes, but 1f circumstances assure the return to the lungs of a
venous blood practically desaturated as regards oxygen, the m
evitable consequence 1s a progressive Jeakage of fud from capil
lanes surrounding unventilated alveols

The lymphatic vessels in the lung are both numerous and large
It 1s 1mpossible to give any figure for the volume of fluid these
vessels may contain They are extremely distenstble, and measures
designed to cause lymph movement n them invanably result 1
immediate deltvery of lymph After a time, however, lymph flow
falls off unless conditions are simultaneously smposed which result
1n abnormal leakage of fluid from the blood mn the lung capillanes
It may seem remarhable that the lungs, which are organtzed so as
to avord excess flurd in their interstitial tissue, possess so large 2
lymphatic system Miller (3) has pomnted out that the lungs are
more extensively equpped with lymphatics than are the kidneys
or biver It s a generalization in regard to the lymphatic system
that lymph vessels are most numerous 1 the shin and m regoss
within the body which are in contact with the outside world The
mucosa of the genito urinary tract, of the intestinal tract, and the
surfice and depths of the respiratory system are thus more
heavily furmshed with lymphatics than parts of the body 1solated
from the surface Lymphatics all over the body, to a greater degreé
than William Hunter (7) beheved m 1784, are absorbing vessels
which eust to remove protemized fluid, bactenia, and foreign par
ticles—1n short, to remove every sort of matertal foreign to the
tissues and unabsorbable by the blood vessels Figures 2,3, and4
from the many careful observations of Miller (3), suffice to show
the estent of the lymphatic vascular system i the lungs

Judging from the posttion of the valves m the pulmom;y
lymphatics, the direction of flow of lung Iymph 15 toward ;
hilum, where one finds the largest collections of pulmomryb’mlJ
nodes In this region one would expect to fipd radicies drasmieg
into the thoracic duct so that there should be the freest possible
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movement of the lymph toward the great veins But, as a rule, no
such arrangement exists Instead, all the Iymph from the right and
left lungs, except for a small area at the left apex, dramns via the
right lymphatic duct mto the rght subclavian vein The night duct,
both m man and amimals, 1s an exceedingly short and small vessel,
and 1s thus a definite bottleneck at the end of a widespread system
of lymphatic vessels In the dog, the right duct has been shown
by Freeman (8) to have anastomotic connections with the thoracic
duct m twelve out of twenty five carefully imnjected and examined
ammals Since the variable, small connecting radicles between the
night and left sides are not effectively valved, lymph from either
side may be directed 1nto the other Obviously, connection between
the thoracic duct and the right duct may be of great practical
wmportance 1n the event of tharacie duct occlusion Also, 1t ts the
fact that cannulation of the thoracic duct 1n the expectation of
collecting all the lymph from the intestinal tract may readily lead
to grievous esror We have often seen right duct lymph loaded with
typical white chyle In spite of this confusing complication the
facts are that 1n about 50 per cent of dogs, 1f the night lymphatic
duct 1s cannulated, 1t 15 possible to collect the total output of lymph
from the heart and lungs The right duct, 1t 1s true, receives small
contributions from the liver and the nght side of the thoracic
cage, but in the quiescent, anesthetized dog the amount of Iymph
collected from the right duct expresses the lymph delivery from
the contracting heart and the moving lungs If cardiac activity 1s
Lept rcasonably constant, the quota of night duct lymph ansing
{ram the heart 1s constant, and variations mn output reflect conda
tions i the lungs The problem of coll lung
lymph, as by 1n this lab y, 15 1ltus
trated 1 Iigure §, a duagrammatic representation of lung lym
phatics 1 the dog These vessels 1n the dog are apparently very
sumular to those n man, with the exception that Iymph nodes are
much more plentiful ;n man~—a fact true all over the body and for
all animals

Tt 1s clearly dufficult to collect {ung Iymph with no additions save
lymph from the heart It 1s, however, possible to make reasonably
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right ventricle If the tndividual mvolved 1s completely at rest,
this venous oxygen may be of moment 1n maintaining a reasonably
satisfactory environment for the endothehum of the lung capd
laries, but 1f circumstances assure the return to the lungs of a
venous blood practically desaturated as regards oxygen, the m

tabl 1§ 2 Prog; e leakage of flud from capll
Iantes surrounding unventilated alveol:

The lymphatic vessels m the lung are both numerous and large
It 15 mpossible to give any figure for the volume of flud these
vessels may contain They are extremely distensible, and measures
designed to cause lymph movement 1 them mvanably result 1
mmmediate deltvery of Iymph After a time, however, lymph flow
falls off unless conditrons are stmultaneously imposed which result
1n abnormal leakage of flurd from the blood m the lung capilianes
1t may seem remarkable that the lungs, which are orgamzed 50 a5
to avord excess flurd m their nterstitral tissue, possess so Jarge 2
lymphatic system Mller (3) has pownted out that the lungs ar®
more extenswvely equpped with lymphatics than are the Ludneys
or hver Tt 1s a generahization 1n regard to the lymphatic system
that lymph vessels are most numerous 1n the shin and 1 regions
within the body which are m contact with the outside world The
mucosa of the genito urmary tract, of the mtestmnal tract, and the
surface and depths of the respiratory system are thus more
heavily furmshed with lymphatics than parts of the body ssolated
from the sutface Lymphatics all over the body, to a greater degree
than William Hunter (7) belteved m 1784, are absorbing vessels
which exist to remove protemized fiuxd, bactera, and foreign p:;
ticles—1n short, to remove every sort of material foreign fo :
tissues and unabsorbable by the blood vessels Figures 2,3,and4,

from the many careful observations of Milles (3), suffice to show
the extent of the lymphatic vascular system 1 the lungs
Judging from the position of the valves in the pulm;ﬂ:;:’
Iymphatics the direction of flow of lung lymph 15 towa; .
hilum, where one finds the largest collections of pu)mmarg }'m‘gg
podes In this region one would expect to find radicles dramn

1nto the thoracic duct so that there should be the freest possitle
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movement of the Iymph toward the great veins But, as a rule, no
such arrangement exists Instead, all the Iymph from the nght and
left lungs, except for a small area at the left apex, drains via the
ight lymphatic duct into the night subclavian vern The nght duet,
both 1n man and ammals, is an exceedingly short and small vessel,
and 18 thus a definite bottleneck at the end of a widespread system
of lymphatic vessels In the dog the right duct has been shown
by Freeman (8) to have anastomotic connections with the thoracic
duct 1 twelve out of twenty five carefully injected and exammed
anumals Simnce the vanable, small connecting radicles between the
right and left sides are not effectively valved, lymph from either
side may be directed mnto the other Obviously, connection between
the thoracic duct and the nght duct may be of great practical
importance 1n the event of thoracic duct occluston Also, 1t 15 the
fact that cannulation of the thoracic duct in the expectation of
collecting all the lymph from the intestinal tract may readily lead
to grievous error We have often seen night duct lymph loaded with
typical white chyle In spite of this confusing complication the
facts are that 1 about 50 per cent of dogs, if the night lymphatic
duct 1s cannulated, 1t 1s possible to collect the total output of lymph
from the heart and lungs The nght duct, 1t 1s true, receives small
contributions from the liver and the nght side of the thoracic
cage, but 1n the quescent, anesthetized dog the amount of lymph
collected from the right duct expresses the lymph delivery from
the contracting heart and the moving lungs If cardiac activity 15
hept re1sonably constant, the quota of nght duct lymph ansing
from the henrt 1s constant, and vanations i output reflect condi
tions m the lungs The anatomical problem of collecting lung
lymph, as d d by e 1n this lab 'y, 18 1llus
trated 1n Tigure § a duagrammatic representation of lung lym
phatics 1n the dog These vessels i the dog are apparently very
stmular to those 10 man with the exception that lymph nodes are
much more plentiful in man—a fact true all over the body and for
all ammals

Tt1s Aearly didficult to collect lung lymph with no additions save
lymph from the heart It 1s, however, possible to male reasonably
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assured the sources of Iymph collected from the tight lymphatic
duct If one introduces 5 cc of 1 per cent T 1824 1 physulogical
saline through a long glass catheter down the trachea wmto exther
the right or left lung, the dye will appear 1n a cannula previously
placed 1 the mght duct, but will not color thoracic duct Iymph
unless there 1s a very free communtcation between the right and
Teft sides A further control of the amount of wntercommumication
15 readily obtamed by cannulating a lymphatic i either bind leg
the cannula bemg directed centnpetally, and mnjecting 10 cc of
a finely divided suspensian of graphite * This black suspenston wil
flow promptly 1nto and from the thoracic duct into which 2 canpila
has been mnserted, and if there 1s no communication with the right
duct, lymph from 1t will remain clear On the other hand, if com
mumication exsts, black flwrd will appear promptly m the nght
duct cannula The evidence for or against contamunation of night
duct lymph by thoracic duct lymph can be made even more
emphatic if the thoracic duct 1s obstructed for a brief tume when
the black fluid first begins to flow from the cannula m 1t
The above discusston should make it clear that the collection of
lung lymph outside the chest is a trymmg task—so trymg 1t 15 1
fact, that m spute of perfect exposure of the night lymphatie duet
as 1t enters the subclavian vem collection can be accomplished
successfully i only about S0 per cent of attempts This limita
tion of expetimental possibilitres depends wholly upen the anat
amy of the lymphatics mnvolved, and to it must lze ad:fed dﬂ:
chances of farlure dependent upon the ] o
lating and dating the right lymphatic duct To expose ‘h;
duct, an ncision 15 made over the Jower 6 cm of the exterd
tal cap ary lnject ons WS
dentot & et G 101 iérii%;'ﬁ‘;"&i‘z':ﬁ:ﬂs;g et
et o  ar suacs of vesses 7o hich ty ar¢







F'ic 6 —General scheme of a primary lobule of a mammalan lung The
subdnvisions of the bronchal tree the pulmonary artery (he pulmonary vein
the lymphatics and the lymphord tissue are shown

B Brouchiolus respiratorns which divides nto two ducluls alieolares only
one of whith 1s carried out to its final subdiisions \lv  {Fzealr scattered
along the bronchiolus respiratorius and the ductaly aleolires AAA Three
atria two other atria connected with the ductulus are not indicated in the
dngram SAl SAl Sacculs alecolares Al Ah Aheols pulmonim P
Plevra pulmonalis 1 drtera pulmonalis with 1ts branches one of us
termunal branches 15 carried out to show its breaking up into capillartes and
how the arterial capitlaries gradually pass over mnto \enous capllaries which
take part m the formation of a venous radicle 2 Branches of the artent

which are distrib to the b P and ductul 1
alveolarss and then break up mto capillaries which unite with capillaries
derived from the artersa bronchuslts to furnish the vascular supply to this por
uion of the bronchal tree 3 Ienr pulmonalss with ats branches of ongn
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Jugular vein and strasght over the thorax to the level of the thied
mterspace The vem 15 dissected cleanly down to the junchion
with the subclavian vem, and ali small branches must be fied
with fine silk simce it 1s umperative to Leep the field bloodless and
particularly to avord small extravasations of blood between the
fastze of the neck The external jugular vem 15 next retracted
outward, znd, lying upon the fascia which floors the tnangular
space sq exposed, the operator sees the mam cervical lymphatic
duct Around thss duct a hgature 1s passed The duct, which 15 new
Jollowed down o the subclavian ven, leads erther 1o the entrance
or to the vicsmify of the entrance of the night duct mnto the semn

The duct atself 1s usually large enough to admit a pyrex canoula
Ynm 1n outside drameter, but 1t 15 well to have smatler sizes at
band, smce the duct weall 1s delicate and the operator has httle
httude for fadure Wath the cannula tied i place and the dog
breathing vatueally, tymph flow begas at oace sad, if uncon

tmmated from the thoracic duct, wil be steady but small m
amount Milky lymph, obviously chyle comug from the mght
diict canmula, 15 sure evidence that jung Iymph alone 1s not betng
secured, and the experiment 15 a fadure If the lymph s clear and
if pressure upon the abdomen, which 1s markedly effective 1 1n

creasing fymph flow from the thoracic duct, does not accelerate
Ao from the night duct, the anatomical sttuatton 13 apparently

) Bfetsdarca sa 4w S e mamat ws tha Actal and of 2

{ ;“Pﬁhry netwosk which unites with the network of capilanes derved trom

maches of the srtens pulmonalis (2) to form the vaseulr supply of the
7 Bl dwisions of the bronchul tree § shows how 1 ammals wth a thick
TR fha arem K L v acr o - she farmatan of the capillany
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favorable One can venfy this impresston still further by shifting
from natural breathing to artificia) respiration through a tracheal
cannula This procedure will at once mcrease the dehvery of
Iymph from the right duct, and reduces that from the left side If,
at this stage of the expensment, 1t 1s desirable to be absolutely sure
of the sources of the right duct lymph, the mtrapulmonary and
mntralymphatic njections previously described may be made
With experience, the operator will become able to leave these final
mjectrons until near the end of the experiment, and so save tme
and heep the pulmenary lymph free of T-1824 1f chemical ex
anunations are desirable

In summary, then

(a) If an operator learns how to cannulate the night lymphatic
duct m the anesthetized dog and 1f he makes observations which
show that during the period of lus experiment carduac actwvity 15
hept reasonably constant, he may conclude that s data upon
changes m the amount of lymph and its proten content wilt 5
flect the amount of transudation and exudation that 1s occurring
and will thus represent the progress of events in the alveol: and
mterstitial tissues of the lungs

(b) The varying competent controls or safeguards for ascertain
ng that the data obtamed express the progress of events in the
lungs alone have been described rather briefly but may be segarded
as satisfactory

Alveols —The surface for gas eschange provided by the 1ung
alveoli 1n an adult 15 about 90 sq m This huge area, with the
associated capllary net, 1s n reality a vast pumber of units 1
has been estimated that the total number of alveolt 1n man 13
750 mullion, and that at rest but one twentieth of their total aerat
mg surface 1s used

The mun bronchus entering the lobe of a lung drvides and sub
diades until eventwally carblage disappears and the crculat
bronchiales with smaath muscle and elastic tissue m their walls
are reached From the termmnal bronchicles anse the respiratory

h one of

bronchuoles, and these divide mto the alveolar ducts, eac
which forms the entrance nto a Jung lobule Figure 6, from
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and thus the alveols contam nothing m their walls except blood
capillanies and elastic and collagenous fibrils

In conclusion, certain pownts appear important for the 1ssues met
1 disease

Furst, mucus-secreting cells become infrequent and disappear
as the air passages near the resprratory part of the lungs are
reached The utility of the mucus s apparently twofold It protects
the upper surfaces of the respiratory tract agamst possible dryng
effects from the mspired air, and entraps particles of all sorts
which impinge upon 1t Assotiated with regions of mucus produc
tion are csha lashing upwards to assure the movement out of the
tungs of foreign matenial trapped 1n the mucus

Second, the provision of so ample a supply of smooth muscle in
the mammahian bronchioles and alveolar ducts, with the posst
biliies of complete contraction and relaxation, 1s structurally
defimite, but 1ts purpose not easy to understand The autonomic
mnervation of this muscle, which permuts complete relaxation by
adremn, 1s often taken advantage of in the treatment of asthmatic
patients But smooth muscle possesses in highest degree the
physiologteal quality called tone, and while one can recogntze the
usefulness of a tomc contractile state m arterioles contayung
blood under pressure, 1¢ 1s not so easy ta understand the need for
farly larization of the bronchuoles, which are
abundantly supplied with elastic fibers and through which air
passes under no pressure requiring constrmat In whales and
porporses, sphincteric muscles n the bronchioles apparently
enable these amimals to 1mprison air 1 the alveoh and to exert
pressure upon 1t 1n the final phases of what amounts to espira
tion, so as to squeeze all posstble oxygen out of the alveolar air
But land 1s need no such ec } for ﬂ’”;
respiration Macklm (10), whose work upon the subject isbo
Sundamental sigmificance, kas written 2 thorough review of bis
own and of other findings relative to smooth muscle 1 the Tungs
There can be no doubt of the widespread and plentiful dxs(n!;ur
t1on of smooth muscle from the trachea to the ends of the alveolat
ducts, and 1t 1s also the fact that the amounts of muscle, 23 com
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alveoh somewhat more expeditious than from the larger respira
tory part of the lobule

There 15  problem concerning the ultimate construction of the
pulmonary alveolt which has recerved a vast amount of clmcal
and experimental consideration No one questions the 1solation of
the several lobes of lungs Each lobe operates alone, without pos
sibility of counection with other lobes m so far as ventilation 1s
concerned The lobule has been pictured as the structurally
1solated final umt of the lung This conception imphes that aera
tion of the lobule 15 accomplished through a single bronchiole
and with obstruction of this tube no air can reach a particular
group of alveoh I believe this conception 1s, 1 the main, true, but
there ave provisions whick mitigate it

For more than a hundred years there has been a controversy as
to whether the air passages in the lungs ended blindly, or whether
some sort of communication between alveolt of different lobules
exssted so that complete deprivation of air entrance 1s not achieved
unless a large bronchus 15 obstructed Loosh (11),% in 1937, made
a careful search for the alveolar pores described by many earher
mvestigators Some workers, notably Miller (3), held that these
minute communications between the alveoli of adjacent lobules
could be found 1n pathological areas of lung tissue, but were absent
in the normal lung Others declared them to be normal structures
lined by of alveolar epithel Loosh found pores
present 1n normal mammalian lungs when he examined thich
sections after intra alveolar mjections of homologous heparnized
plasma This plasma clotted slowly 1 the Iiving anymal and its
strands of fibrn constituted an mjection mass traceable through
the fine holes between alveoli Loosh was able to show that the
pores were even more evident 1n the lungs of dogs and monkeys
wfected with pneumona and killed at varying penods after the
onset of the disease Figure 7 shows two rllustrations from Looshs
paper Both are camera luada drawings The first 15 2 sechon

terature
3 The excellent paper by Looush contains an interesting analyas of the
upon alveclar potes and I therefore ommt all save 3 few references upon chis

umportant subject






Tre B —~Camera lucida drawing (made at two levels) of a thinly
sectioned (10 mucrons) Jung of a dog infected intratracheally with
type I pneumococa and killed after two and a half hours The
draw ng represents the margin of a lesion 1n which the alveol con
taned fibrin (fib) connected through pores (¢ p) m the alveolar
walls and a few inflammatory evudate cells At ths stage there is
no desquimation of cells from the walls which have a normal ap
pearance Hematoxylin eosin azure II Bausch and Lomb 2 mm ob
sective and \ 10 ocular camera lucida at stage level Rey to labels
al alveolar space ap alveolar pore aph alveolar phagocyte
cap blood capillary ¢m capillary membrane fib fibon L
Iymphocyte pn pneumococcus $ septal cell (From Loosh 1)
fig 20 p 759 By permissian of the Amencan Nedical Association

Press)
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from the Jung of a normal rat, injected with heparinized rat plasma
which was alflowed to clot before the ammal was fulled The con-
tinuous strands of fibrin passing through alseolar pores are shown
[ ty The second i} shows the same sost of pores
m the inflamed lung of a dog given expersmental preumoma
Loosl s mterest in the alveclar pores was concerned mamly with
the possiulity of the direct spread of infectious processes from one
labule to anotker, with eventual spread through an entire lobe To
us, I believe, the posstble sigmificance of the pores extends imnto
physiological factors mvolved i that most frequent of Iung
lestons, bronchuolar ebstruction with a certamn degree of atelectasis

Van Allen and his collaborators (12), m 1930, began a senes of
observations directed toward explaining the usefulness of the i
teralveolar communications Thesr papers, resulting from clintcal
observations and expenimental work upon ammals, deserve close
attention They are an excellent example of the application of
physiologeal thmking and research toward the clanfication of
chmeal 1ssues The pont of view from which Van Allen's work
stems s clearly expressed n the summary of one of his first
papers {12 4)

The priciple of re<puratory mechanics that has been described
would appear to have & broad econamic signtficance in the functiomng
of the lower respiratory tract Conudenng the exudatne tendency of
the bronchial mucosa and the disposition of the lungs to transudation,

smlt as to be filled over conmderable length by no more than a droplet
of exudate or secretion, and the result of such occlusion would be
completely to {sofate the cotrespondiag unit of respiratory ducts, atna,
and aheoli if there were no peripheral interconnections Then, unless
spenz) rxpueatory elfort sere soon anutoted to male e of she ol
avufable for expulsion, {t would be lost by absorption Inspration, no
matter how forceful, would not be able to introduce air past the column
of fluud to replace the absorbed air Atelectasts must soon develop and
this Jobule of parenchyma must then remain functionless untit the
exudate undergoes removal by sbsorption Under these crcumstancas
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number of the actual pores 15 tao great to deny them a mayor part
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PHYSIOLOGICAL FACTORS IN PULMONARY
EDEMA AND INFLAMMATION

T 15 NOW AGREED that rapid movements of water out of and intc
blood capullaries are dependent upon a balance of forces be

tween the pressure of the blood m the capllaries and the osmoti
attraction of water by the plasma protemns Figure § 1s a diagram
contrasting the situations 1n the systemsc and pulmonary orcula
tions On the left, the systemuc balance for normal water exchange
1s shown Blood is driven through a capillary under a pressure of
25 to 30 mm Hg The concentration of the plasma protems 15
normally about 7 per cent, or a tnfle less, and these proteins—
most notably albumm—exert an osmotic pressure of 25 to 30 mm
of water This relation 15, 1n reality, a much less perfect balance
of forces than 1t seems tobe The figures m the diagram are cosrect
for a capillary endothelial wall which 1s not permeable to the blood
proteins, but 1t 15 well known today that under the ordinary condt
tions found m typscal blood capillanes, such as those ia the shin
and subcutaneous hissues a small amount of blood protein leaks
out steadily The fact 1s that normal blood capilarses all over the
body possess an endothelial wall which, under the pressures
ordmanly expentenced, 1s just at the edge of fauly free protes
leakage These lectures are not the place to return exhaustiely
to an old physiclogical problem, but I do want to pont out that
1n any consideration of a balance of forces controlfing wates move
ment across a membrane, the membrane 1tself must never be for
gotten, and, when the membrane 1s hiving, 1t may vary in pf
meability almost as rapidly as hydrostatic pressures change, and
nfintely more rapidly than alterations occur 1n concentration of
bload protem, upon which the colloid osmotic pressure depends
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Tt 18 my belief—1 cannot say conviction—that simple pulmonary
edema and the more sertous pulmonary exudations depend more
upon alterations in the permeabihity of the lung capillanes than
apon comphcated pressure relations i the pulmonary circulation

Let us see what sort of case can be made for such a thesis Turmn
agam to Figure 9 In the disgram on the night, the condittons for
water movement into and out of the lung capillaries are reduced to

LYMPH CAP LLARY

PROTE N CHTE RS

INTARTIONACK PALSS.
=3 TO w10 M Hy

LYNPN  CAPILLARY
PROIE N 05 33 Wy

OO CAMLLARY PRITON 7Y
BP 2330 MMy COP 2930 MNH,

Tic 9—Duagrams of contrasting fundamental physiological relations
between blood capillsrtes and tissues Ou the left a representation of
typecal eelations 1m the tkin on the right relations in the lungs

their sumplest terms, and, In contrast to conditions in the systemue
aireit, asesting facts are appasent The blood plasma traversing
the lung capillary s necessanly identical in protemn content and
collaid oamotic pressure with that in the systemuc arculation But
the pulmonary capillary blood pressure is given as 10 mm Hg
This i3 a guess based on indrect evidence, but 13 probably not far
from the correct figure Opposing ths 1s the collord esmotic pres-
sute of 25 to 30 mm g The arrangement would seem to assure
dryness in the lung tissue, and since the alveolar capillanes are
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separated from the air by the thinnest of barriers it 1s pot s
prising that the absorption of water from the alveoh may also b
extremely rapid Colin (1), for example, found 1t possible to g
21 Liters of water ntratracheally to a horse 1o three and one-ha
hours, with no evidence of 1l effects When a man has been sut
merged, 1t 1s not the water in the alveoh which makes the serioy
problem for Ius rescuers If the cxrculabion 15 st n operatior
ths water will be absorbed rapidly The endangering water 1s tha
1n the bronchi and bronchioles This water forms a froth as it mixe
with mucus, and b a means of excluding arr, thus prolong
and mtensifying the asphyxia agamst which those engaged 1
artificral respiration are struggling
In both chinical and exp 1 of
and exudation in the lungs, the observer may concentrate upen
abnormal pressures 1n the pulmonary circulation which he belzeves
exist or which he has produced, but the degree to which localized
pulmonary anoxia may also have had a share n causmg the
changes under observation can never be neglected Last March
1n a lecture (2 a) to the students and staff of the Children’s Hospt
tal m Boston, I attempted to discuss these problems, and now cab
perhaps go somewhat further QOur concern 1s with three things
first, the effects of anoxia on the caliber of capilanes and bt
permeability of their walls second, the possibtlities for expenent
ng localized, persistent anoxia 1 the lungs, resulting 1 abnoroal
capillary leakage, and third, the pervasive character of the anox¢
effects No one of these 1ssues can be 1solated entirely from the
others
Anoxie, Capillory Dilatatson, and Capillary Legkage m the
Lungs —The broad problem of anova, capillary dilatation :‘lnf‘1
capillary leakage 1n the lungs extends into the largest aspeClsgs
the regulation of the circulation Our preoccupation with the neef
of the different mammahian tissues for oxygen has caused us 10
forget the fact that m all tissues there 1s, nearest to the bleod
stream and peculiarly important for oxygenation, the endothelum
of the capillartes It 15 agreed that Jack of oxygen causes capilfanes
to dilate wherever 1t occurs In the final sense, it has often been

1.
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in mute amounts, are destroyed so steaddly as to preclude ther
sigmficant entrance 1nto the general circulation, where a wide
spread dilatation of capillarses and artenoles would be drsastrous
for the orgamsm ‘This point of view 15 my personal opinion relative
to a problem far more extensively mvestigated by others It 15
based on the 1dea that injury results in a systematic train of events
quite as physiological as that followmng the now almost forgotten
experience of mtroducing a large piece of rare beef tenderlom
mnto the stomach But perhaps 1t 1s presumptuous for a physiolo-
gist to declare that inflammation, one of the classical and most
cherished p of the pathol 15 12 reality a normal
reaction for which animals are always prepared and from which
they derive maximum benefit

There 15 2 further pomnt to be considered in regard to reactive
hyperemra, whether brought about by anoxia or by traumatic
dsstuptron of tissues This 15 the fact that the reaction, while
occurring rapidly, may be sustained for a long time Glenn, Gilbert
and Drinker (3) burned the feet of anesthetized dogs severely by
wnmerston 1n boihing water, and 1mmediately encased the mjured
part i hqud plaster of pars, which solidified withn five mnutes
Ths, of course, resulted m folding the burned foot at normal size
1t was found that 1f the cast was removed on the third day,
swelling—denoting capillary dilatation—and leakage occurred
promptly In such an expenment, six to eight days must pass be
fore swelling ceases to follow removal of the plaster This means
that 1n a region violently inflamed by a burn, but treated as
effectively as possible and protected agamst the additive flam
matory effects of mfection, the injured tissues continue to gne
off d reactive hy and that ﬁ!ﬂ:
capllaries and artersoles most injured by the burn, but st
capable of becommg normal, may require a week for recovery
This continuance of reactive byperemia 1n a well !reatred lesl‘:;:
of an extremuty should be bered when we ¢ o Zn:ﬂ
happens m the lungs when—as a result of anoxia—abno

ult of the tendency 10

vascular leakage begms, and—as a res!
anoxa to spread— extends through the lung tissues
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the situation? "Turn agan to Figure 9 and the 10 mm estimate
capullary pressure As I have saud, thus estimate 1s an approxios
tion, since 1t has not been possible to make measurements ¢
capillary pressure by the direct mtroduction of 2 prpette 1mnto
lung capillary with the chest closed and mtrathoracic pressur
relations normal The conspicuous net of alveolar capillares, th
Vast surface area they present, and the absence of any suppor
through tissue pressure make 1t probable that, even with tremen
dous changes n the output of the right ventricle, pulmonary capil
lary pressures ncrease but httle This normal course of events re
quires adequate and complete alveolar ventilation and no faflure
of the left ventricle, with a consequent mncrease in pressire In
the pulmonary vemns Even though the comparative amounts of
aur and blood 1n the lungs may vary reciprocally, raptdly, and to2
considerable degree, they apparently return to normal just as
rapidly This ready resumption of a seemmngly normal state 1s oné
of the deceptive el d when appraisal of Jung con
ditions 15 attempted It is easy to show (4) that on compression
of the pulmonary vewns thete 1s an mstant mcrease m the flow
of lymph from the lungs which means that transudation has o¢
curred When pressure 1s released, lymph flow falls, but not te
normal level for some time, an expresston of the fact that some-
thing has been left belund which must be disposed of before the
lungs are really sound But by all ordmary means of observation
the animal appears normal, though still under a handicap

There resides 1n the tissues 2 factor for the restraing of filtration
from the capdlaries—a factor hard to measure with any sort o;
precision, but none the less mportant for the development of
edema This factor 1s called tissue pressure In the lungs, istead 0
a positive tissue pressure agamnst outward filtration, the nEg&;m;
imtrathoracic pressure exerts suchion upon the walls of the b ge
capillartes At the end of exprratton, the negative pressure l:; "
chest 1s —5 mm Hg, and the ensuing normal inspiration re ucb
this to — 10 mm During heavy breathing, —70 mm may easily ;
reached, and this 1s usually followed by a foraible eXP“a"s:"'
which readily overcomes the negate mtrathoracic pres
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After severe exercise, pleural flind was asprrated in 70 per cent of
the same group No one has verfied these surprismng obseryations
and they do not apply certamly to our question, namely, can
pressure alone, lacking increased permeabihity due to amous
cause pulmohary edema?

During the past two years, Miss Hardenbergh and I have been
interested 1 trying to devise experiments to answer this and
allied questions Let me review a hittle of this difficult crmse, dut
ing which 1t must be acknowledged we have driited badly more
than once Let us, first, follow some experiments m which we
attempted to cause pulmonary edema 1 normal dogs by measures
m which filtration pressure and anoxia were contrasted so far as
could be managed without radical blockage of bronchr or ob
struction of pulmonary vens A dog anesthetized with nembutal
was caused to breathe 10 per cent carbon drouide and 90 per cent
oxygen This muxture increased the volume of breathing about
fivefold The igh percentage of oxygen Was employed to preciude
the possibility of -inoxia m the lungs or elsewhere m the body
Reststance to mspiration was then applied by mserting a glass
tube contaming a small amount of cotton wool 1n the inspiratory
line just outside the mnsp v valve This d the negative
pressure 1n the chest from 1 6 cm of waterto 94 cm , and for the
next four hours the ammal breathed vigorously agamst reststance
to 1nspiration and with expiration free Blood pressure rcmamt;d
good At the close of the fourth hour the dog was bled to dea H
and an autopsy done at once The pleural sacs were free of ﬂul(
and the lungs showed no signs of edema, merely some degree °§
congestion in the dependent parts of the lower lobes This me:m‘
that a nermal young dog may be subjected to a long penod ufe
forced breathing agamst resistance, and 1f the condigions of o
experment prevent anoxia, transudation from Jung ca;;xﬂ:mas
though perhaps greater than normal, does not become 50 meble
to result 1n pleural effusion or pulmonary edema recogmza
* ;(u t!‘.’lﬁ’.sysau'm experiment 1S carried out 1 an animal Wh::
asrangements have been made to collect lung lymph, an wcre
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i lymph flow will begin when breathing 1s stimulated by the
catbon dioxide 1 the respieatory mxture with inspiratory restst
ance added This 15 well shown m Figure 10 At autopsy at the
close of this expersment, the lungs appeared normal and there
was no flwd m the pleural sacs Micrascopic sections made from
the postenar lowest part of both lower labes also showed no
edema  But the d prod of lymph 15 evidence of
augmented filtration from the lung capillartes and since anoxia
was presented by the high concentration of oxygen tn the respira
tory mixtuse the mcreased amount of lymph may be ascribed to
the alterations 1m pressure brought about by the viclent breathing
against resistance and not to changes 1 the membrane When
the change to aruficial respuration was made, the pump used was
set so 28 to match the rate and volume of the breathing under
carbon droxde stumulation with the resistance 1 place 1n such
anexpenment oveneatlation—achieved by using a positine pres
sure blast through a teacheal canaula to provide mspiration and
permutting expreation to follow passnely—~may increase lymph
formation for 2 brief ume due to the squeezing of formed tissue
flwd inte Jymphaties and out of them but soon the lungs are
wrung dry and lymph formation and flow decrease ramdly This
experiment 50 contrast to the first in which lymph was not col
lected shows that excess ssue flued can be filtered from lung
capiilaties n a healthy dog of rather extreme measures ave used
and if lung bymph 1s coliected to permat {unctsonal appraisat of the
expersment 121 however evident that the ordinary methods for
removal of excess tissue fluid by the ymphatics are equal to
deating with the situation since lung cdema secogmizable by the
usual methods of pathology was not present

In a (hird expertment an anesthebzed dog breathed a mixtuse
of 10 per cent ovygen and 90 per cent mitropen against an
spuratory tesistance of 9 om of water Under these csrcumstances
Tow blood concentration of oxy gen increases breathing somewhat,

! For (hs exsmingtl o 1a perticalie 20d for comtant interst and wnfsfhmg
patience In keepiz & PRy ol K1t o & straight track in bay exrordony through she
“iMderness of lurg pa Rology T am most grateful to Dr Sidney Farber
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making 1t possible to 1mpose a very considerable degree of
spiratory bloch and so induce conditions favoring transudation
from lung capillanes If the Iung lymph flow ts measured, 1t 13
found to be at once increased, and the high flow 1s sustamed In
such an experiment, blood pressure and minute volume of breath
1ng must be measured frequently to be sure that the condition of
the ammal remains good In our experiments this was done, and
there was no detenoration during two and a half hours Oxygen
content of the artenal blood averaged 11.3 cc per 100 cc After
two and a half hours the dog was bled to death from the femoral
artery At autopsy a few cubic centimeters of clear flud were
found 1n the night pleural sac This had a protein content of
5 4 per cent, and contained enough red cells toinduce turbidity but
no distinct color The lower lobes of both lungs were heavily
congested where they had been 1n contact with the chest wall
along the spine This congestion lessened and disappeared towards
the sternal margins of the lobes which had been unimpeded
movement by the supine posiion of the anumal The upper parts
of the lungs were normal in appearante except for some degree
of dushy congestion over the surfaces agamst the nigid parts of
the chest adjacent to the spine Though the ammal was thoroughly
exsanfruinated at the close of the expenment the cut surfaces of
the lungs were: very bloody 1n the dependent congested parts On
microscopic examination many of the alveol and bronchioles in
the congested regions contained pink stained shightly granular
matenial in which a very few red and white cells were embedded,
and some of the lymphatics were filled with the same substance
Here and there alyeoh were apparently entirely collapsed Capit
Ianes and larger vessels were overfilled with red cells Anoxa
and heightened intrathoracc pressure had undoubtedly produced
the beginnings of a faurly widespread region of pulmonary edema
with which Iymph drainage was beginming to fail to keep pace

Tn summaty, these three experiments ave interpreted by us as
shewing that a normal animal not subjected to crculatory strain—
such as would be imposed by exeraise ot carduac incompetency
—but subjected to & degree of anoxia and resistance to in<piration
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not real enough to weaken the circulation, 1s able to avord senious
pulmonary edema for a long time But the ammal does acqure
fairly extenstve alterations i the lungs from which he would have
to recover 1f permutted to survive the acute expenment Such
residua of lung damage—not great enough to affect resting respira
tory needs on account of the oversize of the lungs for breathing—
though mitially not of ding functional e, 3t
potential foa of mfection and illness

Let us next examme what may be expected 1f edema begios 0
develop 1n a lung lobule Figure 1115 a photomicrograph of a lug
section from a patient dead of pneumoma, a photormcrograph
employed by Miller (7) to show that the alveolar epithelum is3
continuous sheet of cells, and that openings between the cells—
which subsequent to Miller’s work have been demonstrated be
yond any possibility of doubt—do not exist Certamly the alveolus
1n the center of the illustration does have an unbrohen epithelil
border, but the observation 1s true for this microscopic section
alone We need pot return to the matter of alveolar pores, discussed
fully 1n the first lecture, but may utilize Miller’s section 252 sery
beautrful expression of what happens when transudates or exudates
begin to form in the lungs When the lungs conta excess fnd
this flmd accumulates necessarly first in the tissue smmedaately
about the lung capillaries This means inside the alveolar waléf
and throughout the entire respiratory umt of the lungs, wncly
ing the alveolar ducts, where transuded flud at once aPPC“;
1m tissue containng lymph capillanies, into which vessels flud W f
immediately enter In Figure 11, the epithelwm of the cenl;ﬂ!l
alveolus 15 shown hited off as a contmuous sheet, and behun 1;
there 15 a clear space, unquestionably filled witha rel:xlxvel)’d‘?‘l
free exudate durmng life, but now, due to the shrinking dehydrd g
ing processes through whicn such classical Iustological ISPGET::r
pass, existing merely as a narrow space between the al »;0 oven
and the blood i the alveolar capillaries At about seven and € e
o’clock 1 the central alveolus, 1t 1s easy to see how the l;utuwttn
has thickened the barmer through which gas exchange ;e a
alveolar air and compressed alveolar capillanes must




Tic 11—Hustolognal section of a lung from 2 case of pncumonin The
epithelium lining the ats eolus 1n the center of the figure has buen pu hed ¢ff
35 2 continuous sheet Between this membrane and the alveolar wall there 13
a dear space which m hfe was filled nath flurd from the abyeolar wapillanes
This qace thus sepresents an added barner to gas exchange between the
alveolar air and the Hood \ 312 (From Muller by permmission of the Jowrnal

of Fxperimental Medicine, 1925 vol 42 ylate 31 £g 1 See also Miller { )
54" p 63)
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complished In each of the alveoli in the illustration, there 1s 2
mass of pneumonic exudate

Thss section, which has been a source of delight to me as an
amateur pathologist looking for structural endorsement of human
expersence, indicates that just as soon as alveolar capillaries begin
to leak the barnier between their walls and the alveolar air be
comes thicker True, the added thickness 1s due to what we call
“tissue flud,” but 1t 1s none the less a whelly abnormal mcrement
to the partition between air and blood in the lungs In these war
days, I cannot help recalling a visit to us in the Harvard Labora
tory of Phystology made by J § Haldane not long after the first
use of poison gas tn modern war—the chlorine gas attack by the
Germans at Ypres m April, 1915 Haldane had been sent across
the channel to see what had happened, to view the casualties, and
help decide what must be done to counter one of the most effective
surprise offensives ever made He recognized the effects of chlorine
immeduately, and realized, as did others, that the only way to get
ovygen to the men serously affected was to have them breathe
Iigh concentrations of oxygen so as to secure every possible ad
vantage 1n attempting to aerate the blood through alveolar walls
thickened by bloody exudate Haldane’s appraisal of the problem
seems simple enough to us today tn so far as dealing with an acute
emergency 15 concerned But T behieve we still fail to realize many
of the prog and insidi ! nherent in an advancing
state of excess fld production 1 the Tungs

Flind 1n the alveolar partitions 1s separated from the air by a
layer of platehke cells so thin as to have caused prolonged argu
ment as to their continwity an forming an actual wall, and quite
incapable of holding bk, excess fluid One cannot, therefore, be
surpnised that the air <paces n Figure 11 contain exudate, nor
is 1t unreasonable to expect that in a simple transudation in the
lungs, «uch as attends cardiac falure, the edema flnd passes into
the alveoh eoncurrently with its drift imnto and along the aheolar
walls Luerywhere 1n the body anoxia of capillary endothelum
induces increased permeability to water In the lungs, one can
readidy <ee how increised permebility may provide a situation
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which pushes the process further Flud 1 the alveolar walls m
terferes with acration of the blood Fluid m the alveols 15 even
more effective And proteimized fluid reaching bronchioles 1s worst
of all But anoxta 1s a prime cause for leaky capillarses, and in the
lungs there exists a very effective structural and functional
arrangement for the propagation of oxygen lack The body is
organized to avord anoxia, and, for good reason, because wherever
1t occurs anox1a begets anoxia I am sure you can see how pertment
to the problem of pulmonary edema 1s the spread of anoxia, par
trcularly 1f you think of the lung lobule as an ssolated unit and
disregard the collateral connecttons I have described—connections
ordinanly blocked before the climcian enters the problem And
obviously no matter how efficacious collateral connecttons between
alveol: may be, their usefulness for protecting the patient must
disappear when the alveol are filled with transudate or exudate I
view collateral respiration as an mnvaluable aid 1n preventing
anoxia, but actually, when this protective mechanism 1s of conse
quence, 1t 1s safe to say that even the most alert climean fails to
realize 1t When some degree of Jung consolidation occurs or when
we have little more than cough and tnfling uneasiness on the part
of the patient 1t 15 all too probable that lung lobules somewhere
have been cut off from aur, and to such a degree that collateral
connections have no further effect upon the situation

Ordinanly, most small blockages of respiratory tissue are of
httle moment They may, however, for tno reasons be of great
sigmificance to us The first of these reasons rests upon the
tendency of the blockages to spread by the dnift of transudates of
exudates up the arrway, with consequent augmentation of anovwia
and encouragement of capillary leakage 1n sound parts of the lungs
The second reason for the mportance of small blockages of
respratory tissue derives from the fact that different positions of
the body affect successful aeration of different parts of the lungs
This 1s true at all times, but particularly when artificial respiration
1s employed A method while apparently effective at the moment,
may leave behind an unappreciated legacy of lung damage

Let us return agam to the experimental investigation of transu
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datton in the lungs It has always been difncult to make phystologi-
cal observations on pulmonary edema 1n ammals because 1t 15 so
hard to devise other than rechlessly acute expenments Space
does not permit an analysis of the different procedures which pro-
duce pul y edemain 1 but one of them
at least ments discussion Durng the past year, my associates and
T have had the good fortune to examne the effects of a substance
allied to thiourea This compound 15 remarhable in that whenat1s
given to dogs by mouth, injected intrapentoneally, subcutaneously,
or intravenously, 1t causes fatal pulmonary edema with pleural ef
fusion—and nothing else When my associates and I were told
that a substance existed which could affect the blood eapillaries of
the lungs and yet not do noticeable harm to the capillanes of the
kidney, mntestine, liver, or other organs or tissues, 1t seemed so
bizarre a declaration that none of us were impressed But years of
experience have taught me never to fail to credit the physiological
of Is with the p y of causing major
surpnises After satisfying ourselves that this compound, given
intravenously, caused pulmonary edema and pleural effustons in
dogs, we carnied out experiments in which the night Iymphatic duct
was cannulated so as to collect lung lymph
Figure 13 15 the record of a typical expeniment, 1n which blood
pressure and minute volume were recorded and lung lymph col
lected It 1s dfiecult to descnbe the state of mind mto which this
expentment and others of its sort projected a group of mvestigators
who had been struggling with the task of studying pulmonary
edema, but who Jacked any rehable means of produang the
condition Ve do not at present propose to present more mforma
tion on the selective effects of this compound than the facts evt
dent tn Figure 13 Trwo important things may be learned from this
experiment  first, that lung capillanies pos<ess some quality, either
of position or of anatomical constitution, which renders them
uniquely vulnerable to the drug or to some compound developed
in the body as a result of the injection and second that the
Iymphatic system 1n the Jungs is meffectual for druning off 1 real
excess of pulmonary tissue flud In stressing the first of these
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which pushes the process further Fluid m the alveolar walls m
terferes with aeration of the blood Fluid m the alveoli 1s even
more effecttve And protemmzed flud reaching bronchroles 1s worst
of all But anoxia 15 a prime cause for leaky capillanes, and 1a the
lungs there exists a very effective structural and functional
arrangement for the propagation of oxygen lack The bedy 1
orgamzed to avord anoxia, and, for good reason, because wherever
1t occurs anoxia begets anoxia I am sure you can see how pertinent
to the problem of pulmonary edema 1s the spread of anovua, par
ticularly 1f you think of the lung lobule as an 1solated umt and
disregard the collateral connections I have described—connections
ordmanly blocked before the clinician enters the problem And
cbviously no matter how efficactous collateral connections between
alveols may be, therr usefulness for protecting the patient must
disappear when the alveol are filled with transudate or exudate I
view collateral respiration as an valuable aid m preventing
anoxa, but actually, when this protective mechamsm 1s of conse
quence, 1t is safe to say that even the most alert climcian fails to
realize 1t When some degree of lung consolidation occurs or when
we have little more than cough and trfling uneasiness on the part
of the patient, 1t 1s all too probable that lung lobules somewhere
have been cut off from air, and to such a degree that collateral
connections have no further effect upon the situation

Ordmarily, most small blockages of respiratory tissue are of
little moment They may, however, for two reasons be of great
sigmificance to us The first of these reasons rests upon the
tendency of the blockages to spread by the dnift of transudates of
exudates up the airway, with consequent augmentation of anoud
and encouragement of capillary leakage 1n sound parts of the lungs
The second reason for the mmportance of small blockages of
respiratory tissue derives from the fact that different positions of
the body affect successful aeration of different parts of the Jungs
This 1s true at all times, but particularly when artifictal respiration
1s employed A method, while apparently effective at the moment,
may leave behind an unapprectated legacy of lung damage

Let us return agam to the expenimental investigation of transu
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dation n the lungs It has always heen difficult to make physiolog-
cal observations on pulmonary edema n anumnals because 1t 1s s0
hard to devise other than rechlessly acute experiments Space
does uot permut an analysis of the different procedures which pro-
duce p y edemam but one of them
at least ments discussion During the past year, my associates and
1 have had the good fortune to examime the effects of a substance
alhed to thiourea This compound 1s remarkable in that when s
given to dogs by mouth, injected intrapenitoneally, subcutaneously,
or ly, 1t causes fatal pul y edema with pleural ef
fusion—and nothing else When my assocsates and I were told
that a substance existed whach could affect the blood capilianes of
the lungs and yet not do noticeable harm to the capillaries of the
Indney, intestine, liver, or other organs or tissues, it seemed so
bizarre a declaration that none of us were impressed But years of
experience h’.we taught me never to {ail to credat the phystological
s with the biity of causing major
surprises After satisfying ourselves that this compound, mven
mtravenously, caused pulmonary edema and pleural effusions m
dogs, we carried out expertments in which the night lymphatic duct
was cannulated so as to collect lung lymph
Figure 13 15 the record of a typical expeniment, 1 which blood
pressure and mimute volume were recorded and lung Iymph col
lected It 1s difficut to describe the state of mund mto which this
experiment and athers of 1ts sort projected a group of mvestigators
who had been strugghing with the task of studymg pulmonary
ederna, but who lached any rehable means of producing the
condition We do not at present propose to present more mforma
tiont on the selective effects of this compound than the facts en
dent in Figure 13 Two tmportant things may be learned from this
expeniment  first, that Jung capillanes possess some quality, exther
of position or of anatormcal constitution, which renders them
umquely vulnerable to the drug or to some compound developed
m the body as a result of the mjection, and, second, that the
Iymphatic system 1n the lungs 15 meffectual for drmmng off a real
eacess of pulmonary tissue fimd In stressing the first of these
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potats, I wish only to emphasize again the need not to be sur
prsed 1f the blood capillaries n any tissue do not behave, in
relation to some fund: tal physiological , as they
would behave 1f they were a umform part of a huge physico-
chemical system for serving the tissues Posstbly the lung capil
lary endothelum 1s exactly like that m other parts of the body,
if all possible factors could be realized At the moment, how
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ever, 1t 1s necessary to consider that these yessels possess dis
fnctive vilnerability What the total significance of such an 1dea
may be 1s of course, far beyond our present knowledge, but, m
view of the large capacity the lungs possess for engendering
disease, any evidence of their specific susceptibility to capullary
damage 1s arresting
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The second, and much more defimite, fact evident from these
last experiments consists m the madequacy of the lymphatic
system 1n the lungs to keep pace, I terms of removal, with a rea-
sonably steady and rapid production of excess tissue flud This
15 not an agreeable picture when one contemplates the situation
of 2 man who has mnhaled a dangerous amount of chlonne, nitro-
gen dioxide, or phosgene—any one of which may be encountered
1o ndustrial acadents

In the expeniment which 1s our text, a dog anesthetized with
nembutal was prepared for observation by cannulating the trachea
for respiratory measurements, a femoral artery for recording blood
pressure, and the rght lymphatic duct for collection of lung lymph
In order to avoid anozia, the dog was made to breathe 100 per
cent oxygen throughout the experiment At the point mndicated by
the arrow on the base line, 260 mg of finely powdered material
suspended 1 26 cc of a 6 per cent acacia physiological salme
solution were given intravenously The dog werghed 13 kg, and
previous experiments had shown that 10 mg of the drug per kilo-
gram, given mtravenously, begins to cause pulmonary edema in
from one to two hours, but does not lower blood pressure or affect
breathing, except to a shight degree mmedsately after administra
tion The compound 18 n water It must be
ground finely, and while 1t settles slowly 1 the acacia solution the
particles remain fairly discreet, and 1f shaken before injecting are
well distributed 1n the liqud Owing probably to the msolubility,
a suspension such as the one used intravenously in this exper-
ment may be given intrapenitoneally without causing pain  and
twelve to twenty hours later, when the ammal has succumbed
to pulmonary edema and pleural effusion, no evidence of other
than a shght foreign body reaction 1s found i the peritoneal
cavity and the 1njected material has almost entirely disappeared

‘When a suspension of foreign particles of any kind 1s mjected
mtravenously in a dog, the particles are removed from the circula
tion withun thirty minutes, and can easily be found i the Kupfer
cells Lining the hiver capillanes (8) Since the thiourea derivative
1s a very 1nsoluble crystalloid, it 1s easy to see the crystals in ver
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sections viewed under polarized light Very few particles are
arrested in the lungs In Figure 13, 1t 15 evident that once lymph
flow from the lungs of the wjected antmal began to mcrease, the
process continued with gathering intensity for hours Notice that
minute volume—astde from minor fluctuations due usually to the
depth of anesthesta—did not nse substantially for shout six
hours and that shortly after this artersal blood pressure began to
fall Blood gas concentrations were not measured 1n the expen
ment, but 1t was noted that the arterial blood remamed bright red
untll near the end when the animal was bled to death It 15 obvious
that the 100 per cent oxygen used for ventilation was of assistance
to the animal since the early addition of anota would have re-
sulted 1n disaster much more quickly In this dog, the protem 1n
the lung Iymph was very gh before the admunstration of the
drug, so also was the protem 1n the blood, beng 73 per cent
It 15 noteworthy that protemn in the lung Iymph did not rise
substantially, and that at autopsy the protemn concentrations it
Tung Iymph, i fluid from the pleural sacs, and m flud from the
trachea were 1dentical

There was no free flud m the abdomen, and the abdonunal
organs were normal Unine was secreted throughout the expen
ment The heart was undamaged, and there was no excess flnd
m the percardial sac One hundred and thirty cc of yellowssh
pleural flud were removed from the chest This contained very
few red and white cells being apparently a pure transudate
During the experiment the lung Iymph remamed equally jow
cells, and the frothy flurd from the trachea was not blood tinged In
our expertence with the effects of this remarhable agent, there 15
Iittle loss of cells from the blood nto the lymph and imto the
pleural sacs until near the end when anoxia begns to be pro-
nounced At this ttme bloody froth appears n the trachea and
death 15 not long postponed

The lungs removed at the close of this expenment were an a8
tomshing spectacle The record of lymph flow from the right duct
which had steadily increased through seven hours to reach a ate
such as one obtamns from the thoracic duct 1 a sahsfactory
experiment, indicated that the lung capillaries Were ughly perme
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able to plasma, and that the employment of oxygen for ventilation
had permitted adverse conditions in the lungs to develop slowly
Both lower lobes throughout, and all the Jung tissue resting upon
the thoracic wall was solidly incollapsible, resembling very stiff
jelly The same condition extended toward the free margins of the
lungs under the sternum, and at the close of the experiment the
respratory evchange 1n this dog depended upon this fraction of
the lung tissue At the roots of the lungs, and wherever bronchu
or blood vessels could be seen, they were mside a shrouding
capsule of clear yellow flud When the lungs were sectioned,
blood vessels and bronch: protruded from the gelatmous cut sur-
face surrounded by a halo of clear jelly, probably entirely fluid
durmg hie In the case of the largest vessels and bronch, this en-
cuecling clear zone was sometimes 5 mm across As the air passages
and vessels grew smaller, the surrounding clear zone remamed
Pproportionately prominent Figure 12 (facing p 37) 1s a section
from a lower lobe, which grossly was solid and contamed no air
The feature of this section 1s obviously the wide space which
surrounds bronchioles and vessels 1Tt 1s a greatly dilated lymph
channel

All of this gross and microscopic observation led to but one
conclusion—that the lymphatic dramung trunks had been far over-
filled, and had existed as continuous thick sleeves of transudate
around the structures with which they were assotiated It was
Pplain beyond question that the normal pathway of lymph drainage
was quite mnadequate to deal with the deluge of transudate which
had entered 1t In the first lecture, T called your attention to the
fact that lymph flow from both lungs 18 directed to the mght
lymphatic duct, a short narrow channel entering the nght sub
clavian vem just above the apex of the right lung The dilated,
overfilled lymphatics 1n this experment had to deliver their con
tents to the blood through a vertable bottleneck, and this method
for clearing the Jungs of excess flwd broke down There remained
but one other wide path for escape of transudate—one, as has
been pomted out, all too easily entered—the airway Flooding
of this route leads to but one end, death by asphyxra, the
evitable final event 1n unchecked vulmonary edema
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In summary, it has been my purpose in this lectute to show that

1 Anoxia, a cause of excessive capillary leakage all over the
body, is effective in the Yungs

2. Increased pressure in the pulmonary capillaries does not
readily cause recognizable pulmonary edema unless coupled with
hegt d permeability, most frequently due to anoxa

3 Localzed regions of edema can and do easily occur in the
lungs without noticeably affecting breathing

4 In anew compound allied to thiourea we possess a speaic
for causing pulmonaty edema and pleural effusion With this com
pound administered intravenously, it can be shown that when
lung capillary leakage of proteinized fiuid is excessive and tor
tinuous, the lymphatie drainage route from the lungs becomes 18-
adequate, leaving no line of outflow except through the air pas-
sages—a way of Ruid removal which means progressive exclusion
of air and eventual death
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BREATHING MOVEMENTS AND PULMONARY
EDEMA

N THE LAST LECTURE I showed that a means s avalable,
through the flow of lung lymph, for appreciating the earhest
phases of excessive leakage from the lung capillaries This makes
it appropriate to review some general matters relative to lymph
formation and flow
When water leaves the blood 1n all parts of the body to become
tissue fluid, 1ts next movement depends upon very diverse condi
tons It may become intracellular, 1t may be reabsorbed into the
blood, 1t may exist as tissue flmd scant 1n amount and dnfting
but httle through the tissues or 1t may enter lymph capillaries
and eventually be moved along the lymphatics through lymph
nodes back to the blood There 1s no fixed path for extravascular
water In a seemingly casual manner, 1t finds 1ts way to whatever
functional requirement calls most avidly for it Only a small frac
tion of the water which leaves the blood becomes involved i the
formation of lymph and 1n no part of the body can lymph dran
age make substantial headway 1n relieving edema due to abnormal
transudation from the blood I showed m the last lecture how
disastrously this fact may display 1tself in the lungs, where edema
s not simply an awkward load upen local function but may
abohish the possibility of function
Adult mammals do not have Iymph hearts The lymphaties at
the peniphery of the mammalian lymphatic system form nets of
contintously walled capillaties, wider 1n diameter than blood
capillaries and with walls which many expeniments have shown
are permeable to almost anything m the tissue in which they exist
In that 1t 15 derived from the blood, the formation of Iymph 1s no
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different from the formation of tissue flud There are practically
no valves in the nets of lymph capillartes The direction of lymph
flow 1n them 1s dependent upon gravity, upon tissue pressure, and
upon such forces as are apphed by massage and movement of
the part The capilary nets connect with somewhat narrow and
thicker vessels which are valved In regions, such as the legs
where there 15 a relatively steady gravitatronal pull away from
the heart, these vessels are extensively valved so as to assure
Iymph movement 1 but one direction—towards the heart At the
same time, these drainmng trunks are weak and tenuous structures,
eastly stretched so that the valves become ncompetent and local
12ed stasts results But the dramnmng vessels are so numerous 2t
such different levels, and so interconnected as to make it 1mpos
sible to block all of them, save through the persistent attacks of
chrome disease or through repeated ntralymphatic 1njechops
expertments patterned upon the processes of chronic mflammatory
disease Only 1n the lungs do we find the final outlet for Iymph—
the right lymphatic duct, exceedmgly small and very close to 8
huge system of draining trunks

In most parts of the body the flow of lymph in the valved con
ducting vessels 15 dependent upon forces outstde the Jymphatic
system Motion and massage operate in the lungs just as they do
elsewhere m the body The formation of lymph n the lungs thus
depends upon the permeability of the helum of the capl
lartes and upon intracapillary pressure, mereased by the suction
exerted through the negative mtrathoracic pressure The flow of
lymph toward 1ts pomnt of drainage nto the blood depends vpe®
the movements of the lungs during breathing possibly to 3
shght degree upon pulsation of the pulmonary artenes and,
when lung edema has developed, upon positive tissue pressure

I bave attempted to show that apprectable lung edema, d‘{
tected through our usual means of observation, spells the fact thaf
lymphatic removal of transudate has failed to carry of the excess

fwd in the lungs Smce movement of lymph through lung Iymphat
1cs 15 dependent upon resp e , 1t 15 nOW essents
to analyze the effects of different sorts of breathing on the form?
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tion and flow of Iymph In our consideration of pressure effects
for filtration from the lung capillaries, I showed a diagram of an
experiment, Figure 10, in which a dog was subjected to increased
resistance to nspiration while expiration remamed normal A
breathing load of the sort described imposed upon a mammal
slows and lengthens mspiration and the expiration which fol
lows although ummpeded 15 often forcible The facts are that if
mspiration 1s blocked there will be a generalized increase i the
flow of fluid from the pulmonary capillaries nto the Jung tissues
and back to the blood via the lymphatics This increase depends
upon 1ncreased formation of tissue flud during mspiration and
squeezing of lymph toward the night duct if vigorous expiration
follows These effects are of course, related directly to the extent
of mspiratory black wnposed

While breathing naturally a normal dog under complete anes
thesia produces but a few milligrams of lymph pet nunute from
the lungs The flow 1s frequently so shght as to cause the i
vestigator to wonder whether ns cannula 15 really wn the nght
lymphatic duct In such a predicament, 1f arrangements have been
made to substitute artificial respiration for natural breathing,
lymph flow will increase mightily on the first positive strokes of
the respiratory pump and the investigator can thus assure himself
that his cannula 1s 1n the hine of lung lymph drainage

Why does lymph flow from the lungs ncrease when artificial
Tespiration 15 instituted by the usual positive pressure blast de
livered through a tracheal cannula? It 1 easy to see that positive
pressure breathing squeezes the lung tissue agamst the thoracic
walls has, 1n fact a massage effect upon the draming lymphatie
trunks not at all unhke that imposed upon a leg by vigorous
massage In many expenments Miss Hardenbergh and 1 have
cannulated the nght lymphatic duct and have measured the rate
and volume of natural breathing mn the anesthetized dog Then,
by means of a specially constructed respiration pump 1t has been
possible to smift to positive pressure artificial respiration at the
same rate and volume of the amimal s natural respiration Expira
tion with this pump 1s without suction just as in the dog under
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natural breathing It 1s an observation for later comment that
when one makes such an adroit shuft, the ventilation supplted by
Ppositive pressure artificial breathing 1s always madequate, and the
amimal continues to make efforts to breathe until the munute
volume supplied 1s mcreased

Many such experiments show what the slightest consideration
of the problem suggests Whether artificial respiration through
positive pressure phist dequate, inad OF excessive
lung ventilation, the massaging effects of the positive pressure
blast compress the lungs agamst the chest and drive lymph along
valved draining trunks When positive pressure breathmg replaces
natural or negative pressure breathing, one may expect an 1m
mediate ncrease n flow of lung lymph, which m turn reflects 2
general wringing out of the lungs, with consequent movement of
tissue fluid and lymph It is of nterest, and the 1ssue should be
followed further, that in lungs where increased tissue fluid pro-
duction from the capillanes 15 not occurring, positive pressure
respiration without suction in expiration increases lymph flow
briefly, and results eventually 1n extinction of flow This depends
upon the fact that the positive pressure ventilation has reduced
transudation from the lung capillaries If, however, posttive pres
sure artificial resprration 15 apphed when lung capillanes ar
Ieaking abnormally, then the effect of the artifictal respiration will
be a steady mncrease in lymph flow, accomplished by pressing flud
through the lungs for outflow from the lymphatics Further, 1
posttive pressure 15 followed by suction, lymph production and
lymph flow continue steadily and 1n amounts above normal

From such positive effects of breathing, we may turn 10w to
the question of lymph flow from the lungs when breathing move-
ments are absent In dogs with the chest open and under astifical
respiration, Warren and Drinker (1) showed that if the rhythmic
movements of the lungs were stopped by substituting conumn(\;!
insufflation of oxygen, thus holding the lungs about two thieds
inflated and motionless, lymph flow soon ceased This obsem:w!:
15 1mportant i relation to preumothorax, whether accidenta!
therapeutic Wherever lung movement Ceases ymph dranage
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from the regron steps, unless, as wzl! be the case mn mflammation
due to a thriving nf develops locahized tissue
pressure, which agam induces lymph movement

In Figure 14, an experiment 1s illustrated m which breathing
movements were first altered by imposing resistance to expiration,
and then by adding to These
were applied beyond the respiratory valves connected with the
tracheal cannula The second situation, m effect, was equwvalent
to a partial obstruction of the trachea In this expeniment the
right lymphatic duct was cannulated te collect lung lymph, and the
dog, under nembutal snesthesia, breathed 100 per cent oxygen
through a tracheal cannula A
of the volume of breathing and blood pressure Resistance to
breathung, both nsp and , wWas d by
mieans of a water manometer connected with the trachea We have
thought 1t unwise in expeniments such as this, to puncture the
chest wall m order to measure intrathoracic pressure directly, and
bave uthized imstend to mdicate conditions in the chest -

pressure

Lymph flow 1n the expenment pictured i Figure 14 was char
actenstically fow duning thirty minutes of normal breathing
Resistance to expiration was then imposed This procedure de-
creased minute volume of breathing somewhat, but did vot dis
turb the cireulation As a result of the forcible expiratory efforts,
Iymph flow mcreased at first, and then began to fall until tnspira-
tion also was partally blocked, when lymph flow agam mereased

It 38 not hard to explam what 15 shown by this espenment
When expiration 13 opposed, the dog ymmediately begins to use
his resprratory muscles to force air out He makes a muscular
effort, mstead of the passive elastic recort which ordmarily con
tuves expiration This positive squeezng out of awr results 1n
dniving Iymph along dramage channels Lymph flow increases
prompily and then begms to fall Thns means that the massagng
effects of forable expiration force lymph toward the nght duct
where 1t 1s collected At the same time, mspiration mcreases some
what 1n order to meet the respiratory needs of the ammal, and
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of lymph, dependent upon ¢ d from the lung

pilfarnies, though d So 3t resulis, if breath
ing agamst exp 15 d, that lymph &
from the lungs fitst nses as lymph in the lymphaties 15 mulked out
This mcreased delivery of lymph would disappear were 1t not
for the fact that in the paturally breathing anuna) it 1s not pos-
sible to alter one phase of respiration without to some degree
affecting the other When inspiratory resistance 15 added to ex~
puatory, lymph flow nses again, and under these circumstances
the beightened movement of lymph will continue smce wereased
negative pressure i the chest provides a supply of tssue fiwd to
become lymph

These de of the of lymph and the
formation of lymph under different conditions of breathing earry
lessous which apply practrcally to the management of many situa-
tsons met in disease and to the use of protective equipment both
‘in industnal processes and m war When motion of 4 lung or part
of a lung ceases, spread of tissue flwd and formation and move
ment of lymph are alt much restricted 1t 1s essentrally a phystologr
cal arrangement for localization of trouble, just as 1s complete
imtmohihzation 1 any part of the body

Under the conditions of disease, st 1s yare for developments to
anse which obstruct inspiration or expiration alone, as 13 easidly
done experimentally Usually the awr passages—and this means
from the largest down to the smallest—hecome occluded by in-
haled maternal, by exudate, or by transudate Such a situation,
whether involving but a small section of Jung or an entire Jobe,
Tesults, as long as the crculation of the unaerated tissue continbes,
i mcreased production of tissue flud—flwd which diffuses
through the affected Jung mto draiung lymphatics and away
from the omiginat focus of anomc damage

Leading, as they do, to capillary leakage with respiratory
changes shich not only enbance the production of tissue fund
but also mcrease delvery of this fimd along the lymphatics, the
events which follow blochage of ar passages combine all the
effects of anoxta Visualize, for example, the train of events which
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1s immedsately set in operation when a man inbales a Tung irntant
such as chlormne, the fate of the Canadian soldiers in the trenches
at Ypres i 1915 The gas affects the mucosa from the top of the
respiratory tract to the alveoh This means increased formation
of mucus, turgescence of the mucosa, perhaps dcect stymulation of
the smooth muscle of the bronchioles with resulting contraction
All this results m blockage of arr passages and anoua of alveolar
capillaries, but, here again, the one most promnent effect 15 10
creased delwvery of proteimzed fluid, which adds to the exclusion
of air and the cycle of disaster

There 15 another 1ssue 1n relation to breathing and the develop-
ment of abnormal conditions m the lungs more subtle than the
rather definite 1nfl upen ext lar flud i
which I have described

Position as ¢ Cause of Blood Stasss, Atelectasss and Pulmonary
Edema —Man does most of his breathing 1n the erect position He
achieves the eastest and most complete ventilation of bis lungé
when he stands or sits His vital capacity 1s greatest i the erect
position When he experiences distress in getting sufficient air, he
mvarnably sits up

Not only does man prefer the erect position for ease m breathing
so that he may most casily ventilate all hus lung tissue, but, i be
has remamed queet for a long time, without the posssbility of
movement, he mdulges often 1n a long breath, a sigh, or a yawn
Some years ago I watched a highly ntelligent young man undergo
the’first prolonged expenence in the respirator devised by m¥
brother At that time no one had any way of predicting how a help
less young man, lying on hus back on a thin mattress msideas "
metal cylinder, would get along or what he would need fl’;
the man controlled device which had been substrtuted for b3
tesprratory center and beautifully coordmated muscles of respirs
tion When this first patient was placed 1n the first respxrawr,‘ \:Ac
sprration was mduced by suction with a pump, followed by gosll k‘ed
pressure to force air out From the beginning the patsent dis luoﬂ
thep this was, therefore, cut out and expira

t
allowed to be parsslve as 1 natural quiet breathing A more interes
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ing matter relating 1o the comiort of the young man, who spent a
long tume in the respirator before recoverg, was his request that
{rom tume to time the respirator be made to give him a deep -
spiration, a sort of prolonged yawn or sigh This gave comfort to
b, and thought to me

Here was a yoong man, supine and incapable of motion, who was
made more comforsable 1f from time to time Iis lung ventilation
was radically altered durning a few breaths In sleep all of us move
about, snoze for a while on our backs, then turn to one side, stop
snoring ot, at least, begin a new symphonic movement, then turn
agawn, and so on through the might When you think about s, you
vealize that man 1s never absolutely sure to remamn stll physically
for any legth of time unless he 15 anesthetized or dead In the
first of these human expenences, we are responsible not only for
the mtiation but also for the duration of the penod of mert, un
changed quescence to which surgical patients must submat Sleep
differs from anesthesia in that the sleeper still 15 his natural self
He turns and twists and snores and groans because he needs to do
these things But the patient under an anestbetic, the drunken man
m s oblivion, the patient dangerously asphyxated by carbon
monoxide, all these have lost a part i the regulation of breathing
When & physicran gives an anesthetic, he has more than the ap
parently simple obhigation of getting a patient through an opera
tion, he must also think of every factor which wall result 1 com
plete ventifation of all parts of the lungs He must be ike the man
who found his Jost mule yust by going to whete he would have gone
bhad he been 4 mulet A good anesthetist 15 a person who by knowl-
edge of mstinct 15 really breathing for hus patient He has bad the
tementy to become the oxygen suppher of another mdividual,
and nature provides many traps for him

Mediune bas advanced mughtily since 1 graduated mn 1913
Insulin, Livet extract, sulfa compounds, pemaillim, what a group
of constellatians to ight our hopest But do not let these bl
hancres cloud your perceptions of small, pressing, every day
Tmatters

On August 19, the Journal of the Amencan Medical Assocration

s









.y
o
?;3"4

Q

‘V‘

4

ts

%a‘ﬂ d




BREATHING MOVEMENTS AND EDEMA  §7

patient with decompensating mutral stenosis with the nght ventricle
sult faxrly capoble In such a patient, abnormal pressure wmcrease
w the capillaries, aded by anoma, results i edema, which pro-
gresses as hilood 15 forced mto the leaky vessels

No such sequence of events 1s involved 1n the overquiet anes-
thetized dog the subject of our expenment In the small vessels
at the bases of his lungs, there 15 the typical picture of stasis
wlich Krogh desenibed as 2 physiclogical entity w 1922 (4) X
one causes stasis in the web of a frog while observing the capil
lanes under the mucroscope, 1t is soon apparent that recovery from
the conditsion depends upon the degree of damage suffered by the
endotheluam 1f thus 15 shght ang the full force of artenal blood
flow allowed to reach the tegion of stasis, one may watch the
pached red cells forced along vessels in the most casual manner,
endently conversion of noncirculated to arculated capiilaties
But where red cells have become tightly packed, many of the
vessels remain permanently blocked

One cannat predict how readily such a facus of altered, though
perhaps not seriously damaged lung as that of cur dog wil be
come rormal Suppose, for example, that mstead of a healthy young
dog 35 subject, we conssder what mught happen 1n the case of an
eiderly pavsent compelled to underge a laparotomy lasting an
hour or more ‘The chest of such a patient may be assumed to be
somewhat rigid and mmmobile as compared with that of a young
adt Pamn from the lap adds to the of breath~
mg As Dock (3) has pomted out, the changes we have observed
%o constantly 1n anesthetized ammals of all sorts, occur equally
veadily in man, perhaps mate readily i the mare vulnerable elderly
subtects And these last patents, by ther very age and inelastinaty,
will have the poorest capacuty to get nid of the pulmonary hands
P the anesthesta and operation have left with them It is no
wonder that such persons drift stealthily nto diffuse Y
condittons of the lungs Anoxia begets anoua, and when the setting
has been provided so that infections mflammation sets 1, then 2
Zrowing compelling pracess begws to threaten And how, in the
24, does the extending process act if viewed physiologically? It
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acts by the simple and fatal propagation of anoxta 1n the lungs
until eventually so much aerating surface is excluded from the arr
that the oxygen of the arterial blood begms to fall and death 1s at
hand

Let me speak now of condittons tn connection With breathing
which will promote the train of events we have been discussing
Our problem concerns the breathing and the state of the lungs m
a patient under surgical anesthesia or unconscrous and immobie
from accident or disease

Shallow Breathing—One of the many causes of disaster to
the breathing meck of men, apf d fully by J S
Haldane (5) and discussed mn Ins classical monograph on respira
tion, 15 shallow breathing Haldane first established the fact tha®
as a man experlences lized his 'y centn
becomes very easily susceptible to fatigue, as mamfested by
diminishing depth of the breathing ” But shallow breathing—the
expression of the effect of anoxema upon the respiratory center—
by 1ts very exstence enhances anoxermia In the lungs of 4 pa
tient lymg motionless on his back, shallow breathing meant
extinction of air entrance mto many lung lobules, and any pro
tective effect which might anse from collateral respiration suffers
comncidentally

Blockage of the Awr Passages —In a patient experiencing local
1zed blockage of bronchi or bronchioles, when, at the same time
ventilation of the lobules mvolved 1s restricted by position, the
part of the lung invelved 1s unquestionably 1n sore straits Wehave
shown how increased mspiratory negative pressure, such as Ct;mej
from Inspirng agamnst resistance, increases leakage from “’;
capillaries, and how forcible expiration, such as otcurs agm:ls
resistance, promotes lymph flow This arrangement for drainag!
toward removal of edema, but, as we have also tried to show,fr:c:g
not keep pace with local developments The result of these o

to the mevitable concd that a man with any C‘“"ed

tion leading to localized obstruction of air passages, and Sgl;c od
to anesthesta or to any experience 1n which positiont 35 Ui o riu
and i at a steady 15 under 1ncreasing
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acts by the simple and fatal propagation of anoxa i the Jungs
until eventually so much aerating surface 15 excluded from the air
that the oxygen of the artertal blood begins to fall and death 1s at
hand

Let me speak now of conditions 1n connection with breathing
which will promote the train of events we have been discussing
Our problem concerns the breathing and the state of the lungs 1n
a patient under surgical anesthesia or unconsctous and immohile
from accident or disease

Shallow Breathing—One of the many causes of disaster to
the breathing mechamism of men, apprecrated fully by J S
Haldane (5) and d d 1n hus cl 1 ph on respira
tion, is shallow breathing Haldane first established the fact that
as a man experiences generalized anoxerma, his “respiratory centre
becomes very easdy susceptible to fatigue, as manifested by
dimimishing depth of the breathing ” But shallow breathing—this
expression of the effect of anoxermia upon the respiratory center—
by 1ts very existence enhances anoxema In the lungs of a pa
tient lying motionless on lis back, shallow breathing means
extinction of air entrance into many lung lobules, and any pro
tective effect which might anise from collateral respiration suffers
comncidentally

Blockage of the Air Passages —In a patient expeniencing local
1zed blockage of bronchi or brenchioles, when, at the same time,
ventilation of the lobules 1nvolved 1s restricted by position, the
part of the lung mvolved 1s unquestionably in sore straits We have
shown how increased msprratory negative pressure, such as comes
from inspiring agamst resistance, increases leakage from lung
capillanies, and how foresble expiration, such as occurs against
resistance, promotes lymph flow This arrangement for drainage 15
toward removal of edema, but, as we have also tried to show, may
not keep pace with local developments The result of these facts

to the bl 1 that a man with any condt

tion leading to localized obstruction of air passages, and subjected
to anesthesia or to any experience mn which position 1s unchanged
and breathing at a steady 1s under mcreasing threat
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from maunting capillary stasis and atelectanis with advancing
pulmonary edema

Artsfictel Respiration 8y Means of Apparatus Designed to Ac-
complish Inspiratsion by Blowng Ozygen Aw Mixture mto the
Lungs, Followed by Suction fo Accomplsh Expwration ——The
group of patients ly 1 need of 1mp of
and treated by the resurrected pul called
——1s fortunately small The great majority of victims excouatering
such dewices are esber 50 httle 1 need of assistance as to be
wirtually unaffected by the appliance, or else they are dead The
result of these circumstances has been to give the mpression that
of patients treated by resusaitators a large number—the group
who 1n veality needed no assistance—have been saved A second
group upon whom treatment was attempted were safely m thewr
Tast rest before bemng subjected to this modern agency f{or resurrec
tion s0 that nothung could have helped them Admutting that no

1

g

al appl even with the end of the Ameunican
Medical Assocxauan, can raise the dead, the record of apparently
ful 15 £ ble to the appl 1 do not wish

to argue about the usefulness of a device which has had such
autherstative endorsement (6) as these blow and <wek resusci
tators” T do, however want to point out that no combination of
breathing measures we have been able to apply m the form of
artifictal respiration 15 50 effective far mducing pulmonary transu
dation and spread of tissue flurd as mild positive blast msprration
under automatic safely control so that the blast cannot become
{foraible enough to reach the alveol: 1f shight obstruction 15 present,
followed by suction to produce expiration In discussing artificsal
respiration  will bring out the ventilatory defects of blow and
suck devices At this time I wish merely to ndicate their po-
tentality for spreading infectious processes through the lungs
If used ypon nert supine patients resuscitators are perfectly

The statements which follow must be ynderstood to be based upon exper
wents 2ad observations by the Iu“\or They ate in dsagreement with assertions of
the Council on Phyuceal Thesapy of the Ameriean Medicst Astoclation and thewr
consequent vality is thus of necesaity left to the Judgment of the yeades
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Fro 17-—A dog under surgical anesthesta from nembutal breathing aw
and with an abdomnal bandage extending over the lower masgins of the nbs
was allowed to rematn m the posstion shown for fise hours One munute fol
lowing 1njection of 22 ¢ of an acatiz graphite suspension Mto an external
Jugular veir the dog was sacnificed by bleeding from the femoral artery
every care being taken to mrke exsanguination as (omplete s possible



F16 18 ~The gross appearance of the lungs of the dog shown
m Figure 17 To preserve normal appearance the trachea was
clamped before opening the chest and i order to ascertain
the possibility of air entrance mte abnormal lung tissue the
Tungs were shightly inflated after removal The squares mapped
1 the llustration were lard out by paper markers photographed
on the lungs prior to sectioming and show the regions from
which blocks of tissue were taken for microscopic exammation
Right lung lateral view
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But let us return to the experiment At the ead of five hours,
22 ce of a suspension of very finely divaded graphite 1z 6 per cent
acacia physsological salive was njected rapdly into an external
pguler ven Since graphite particles, i contsast to the usual
carbon of our biack drawing mks, agglatinate very hitle mn the
Blood, such an mjection does not disturb the dog It enters the
nght ventncle and 1s at once driven through the Jungs, following
the vascular paths 1n use by the animal at the tme of the mjection
Oze mumute after completing the mjection of graphite m the
t1penment under description, the dog was rapidly bled to death by
apening a femoral artery At autopsy the lungs showed the usual
dark red drscol along the p part, the most dep
dunzg the long anesthesia Owing to the binder, the congestion
estended laterally more than would usually be the case In
Figuse 18, one margin of this condition s the night hung is eastly
seea In the fresh specimen the large amount of graphute in the
normal upper part of the lungs, where the circulation and ventila
ton were normal, was strihang as compared with the pracueal
shsence of Black colaratian 1 the congested tissue Figure 19
sa phcmmxcrogmph of & section from the upper lobe as outhmed
o Figure 18 Figure 20 shows the condiion of the lung in the
congested tissue at the base This latter section was cut from the
tlack outhined 1 Figure 16 at the nght base It 15 obvious that
the graphite, a physiological njection mass, flowed freely through
tht capilfaries 1 the sound part of the fung but entered the vid
Tower part of the lung to a very hmted degree

In 1929, Coryllos and Birnbaum (7) apparently realized the
Pissive nature of the changes mn the compressed parts of the lungs
dueto positian, but thexr Jong mvolved paper 1s cnefly valuable for
Hs extensive bibliography

Decp Breathong —Dock (3) bas porated out that when patients
bave been breathing deeply, they are less hable to have pulmanary
‘omplications than if thetr breathmg has been fecble Resprratory
Rovements of different depth and character conung from time 10
e In 3 consmaons patient—a yawn, a sigh, ot a cough—may
hange the degree of alveolar veptslation §n a part of the tung
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Krocl, A. The Anstomy and Phystology of Capillaries Yale University
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PREVENTIVE AND THERAPEUTIC MEASURES
IN ASPHYXIATING PULMONARY DISEASE

T“ESE LECTURES, 10 this posnt, have deserrbed Iocal conditions
in the lungs, together with distinctive anatomical and physto
Jogscal peculiarsties which make for mmtration and propagation of
d fung cond E have been described which
show the relation between different common variations i breath
g and their effects n causing filtration of flmid from the alveolar
capilanies In all of this discussion, while pressure varations in
the capillanes and the ways they occur have been promment, it
has, I bope, been made clear that, since anoxemsa. increases capil-
lary permeability and leads to d Jeahage even under conds
tions of normal pressure, the local experience of anoua is a potent
threat fo the e of normal resp y exchange i the
lung fobules But obviously, if Jung structure and breathing move
ments pub d and lead frequently to
anpxia, 1n 2 discussion of the therapy of asphyxuting pulmonary
disease, one must consider not only these 1ssues but the regulation
of breathing as well

Space and time do not permut an extenswe review of the
phystology of resptration, nor would most of such a review be
pestinent fo problems of flud production and removal m the
tungs And sq, I shall select those features of the physilogy of
breathing, which, from my experience i the chme and Jaboratory,
appear important to me It gaes without saymyg that my opinitons
ase wotth no more than yaur appraisal of therr rationality One of
the most atiractive features of medicmne for many of you whe
cerebrate upon a hiberal pattern s the fact that no one confronted
by o medical problem 1s ever wholly right. Carrsed further, this
1s the Teason Why the best scientists are the truest lderals They'
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strive to the end of their days to learn an answer, but even if they
weigh therr ultimate accomplishment to many decimal places,
there 15 always a haunting question mark at the end of the calcula-
tion No hberal thinker has an assured end for his thoughts or
actions This does not mean lack of motivating conviction 1n work
The mvestigator will lose nothing by beheving he 1s on the nght
path, but he ceases to be a hberal thimker as soon as he 1s dis-
mayed or susprised 1f what he discovers goes against hus beliefs
Liberalism, 1o the truest sense, 1s the expression of a receptive
mentality—a mentality ready to meet new problems by farr, fresh
apprasal, willing to make decisions, using all the knowledge from
the past that can be applied to the research of the moment, but
undismayed by the result

I have indulged in this digression because of my hope that these
lectures will cause you to think, and so to be dissatisfied with
what you have been taught and what you know There 15 an 1m-
pression that a Harvard professor 1s characterized by three at
tributes, not ones of chance but of fact He wears a red necktie,
his trousers do not fit, and he 1s mvariably nght! To the first two
of these qualifications I often conform—or so goes the report—
but for the third, I am a ventable Mr Milquetoast, labelled from
Harvard, but innocent of assured knowledge

Having thus sowed a wholesome skepticism relative to what I
shall say, 1t follows that I shall say exactly what seems most sug
gestive and useful to me

The breathing of mammals depends upon the localization 1n the
medulla of an automatic collection of nerve cells called the respira
tory center The term automatic 1s used because, from this small
group of nerve cells, fibers, and synapses, rhythmic impulses are
sent out which result 1n wmspiration This actively engendered 1n
spiration 13 followed by passive expiration The apparent inde-
pendent automaticaty of the respiratory center 1s known to be the
expression of a multitude of factors in the center atself and of
factors playng upon the center So far as I can see, the respira-
tory center 15 an acuvely metaholizing urt of nerve cells, syrapses,
and nerve fibers It has been found that the oxygen requirements
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of such nerve tissues are bigh We may therefore set out with
the principle before us that the respiatory center itself, the
durector of body oxygenation, must be well supphed with oxygen
1f 3t 35 to perform acceptably

In a previous lecture I called attention to the fact that J S
Haldane (1) recogized the vulnerability of the respiratory center
ta oxygen lack The cells of the center must dip from a bountiful
supply of oxygen i the arterial bloed n order to give ther
messages for the breathing movements which will result m the
blood aeration they themselves require If oxygen begins to fall
1n the artersal blood, the chemoreceptors 1n the aortic and carotsd
bodues become active, and somehow or other cause the respiratory
center 1tself to become more active, even thongh under the hand:
cap of anoxia The reenforcement of the center from these out
Iying sources s rugged and persistent But they are props, not
josts, m the respiratary skyscraper The fact 1s that 1f an animal
or man 1s caused to breathe awr defictent  oxygen so that the
result 15 protracted oxygen lack, the patentiahity of trouble de-
velops The first evidence of this 15 an mecrease 1n the munute
volume of breathing Respiration next becomes irregular, and
eventually rapid and shallow These changes express the fact that
the normal process of nerve impulse dscharge from the respiratory
center due to carbon dioude lation becomes 5 d
when the tissue does not recemve enough oxygen The histologpcal
structure of the respiratory center is an mfinitely complex melange
of cells, synapses and fibers That free imtercommunication of
neurological ums 1s essential for functional success 1s old know}
edge, and that fatigue—or, better, difficulty 1n transmussion from
one neurolomcal unit to another—1s most reachly due to synaptic
Block s a fact whose recognition goes back to Shernngton (2)

The resp Yy center 1S Jated by carbon diomde and
hydrogen sons When causes d breathing 3t does
so through nerve snpulses ansuig in the chemoreceptors of the
carotid and aostic badies The way m which nerve impulses st
late breathing, whether by accomplishing a reflex contact with
efferent neurones 1o the center, or by nerve umpulses which 1n some
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pxygen s given the greatey the possibality of checking leakage {rom
Iung capdianies Tn the third lectuse, T pomted out that oxygen
will not prevent pressure stasis and atelectasis w the supme
unmobsle patient, not hecause oxygen s not precisely the best
agent to improve conditions sn Yung areas so affected, but because
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Fic 22--Another example of the effects of breathing an atmosphere low
1n oxygen oa Gow of Jung fymph with an efact to restore aogmal conditions
by brexthing 100 per czut oxygen The vertical bines bound penods of breath
g oxygen alone and low ovygen with mutregen R.DL., flow of lymph from
the night ymphatic det 2 % proten m lung Lymph 1 per cent AB2
arterial blood pressure w msthmeters of mescury

oxygen will ot reack them unless something 1s done ta clear the
awways The same sssue, hut heve much more senous, 15 ot the
back of the problem of treating lung edema when it has become

a recognizable climcal entity Qsygen, however admuustered,
cannot improve the condition of capilanes m 2 lobule 1t cannat
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which fortunately 1s easily prevented In 1939, 1n an article on
oxygen therapy, Boothby, Mayo, and Lovelace (6) descrbed
what they called admunstration of oxygen for forty eight hours,
without the shightest adverse effects This statement of findings
was undoubtedly correct for what actually occurred from these
long admnistrations of otygen They resulted i no damage But
the oxygen was given through a mash, in itself somewhat leaky,
and necessarily removed at times for coughing, feeding the taking
of water, etc These interruptions are the saving grace in such
so called “continuous admunistrations of oxygen” The fact 15
that if a man 15 placed 1 a chamber so that he mhales pure
oxygen without a chance of mterruption, he will eventually
begin to experience the same sort of 1rrtation of his respiratory
tract as would come from a very nuld dose of chlorme But the
effect of high oxygen as an iritant 1s really a matter for small
concern, since all evidence shows that 1f the rather feeble rntat
g action 1s interrupted from time to fime 1t becomes of 00
consequence This 1s the reason why Boothby and lus assoctates
could admunister 100 per cent osygen through a mask without
trouble for forty eight hours The exigencies of ordinary care of
the patient mterrupted the effects of pure oxygen as ap intant
sufficiently to assure avordance of this simplest expression of
OXygen polsoning

Every therapeutic consideration directed toward the needs of
the pattent, calls for all the oxygen that can be delivered to the
lungs The use of oxygen in medicine has faled to gam respect
and confidence for two very sumple reasons It1s given imefficiently,
and 1t 15 given too late

The first serious efforts at oxygen therapy were in terms of
small rooms accommodating the patient m his bed and permutting
ordmary nursing and medical care These mstallations were X
pensive, and thexr operation equally so Consequently, the OYyEER
chamber was reduced in size and became a tenthke contrivance
enshrouding the bedridden patient wherever he might be Oxygﬂ;
tents have given sick people much comfort They provide o0
surroundings and an increase i the oxygen breathed but never
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a certan and consistent supply of 100 per cent oxygen, which
should be the aim 1 treatment

Naturally, also, sirce the beginming of 1ts therapeutic use,
oxygen has been given by means of masks In the early days almost
anything sufficed for a mask I have watched house officers and
nurses hopefully holding an ordmary funnel several mnches above
the face of a desperately 1l patient, in the conviction they were
supplywng oxygen It was tlus sorl of oxygen adminstration that
made the use of an il D ad p Ily a part
of the last rites m hospital practice The house ofticer assembled
whatever he could find for admunistratron of oxygen, notified the
church, and began to wonder what would be discovered at autopsy
In recent years mask adnumstration of oxygen has wnproved
enormously, and the Jessons of the war as to the absolute
essentialness of nonleaky oxygen mashs for high flymg have
taught many of us what can be done with such equipment Today
the oxygen mask 15 the best way of grving oxygen It 1s mnexpenstve,
and the patient really recerves undiluted oxygen

In the ordinary employment of oxygen therapy, the phystcan
waits, before resorting to the mask, until the patient 1s in desperate
pass For such unfortunates, freedom from annoyance and rest are
always imperative, and a mask over the mouth and nose 1s a final
trial whick often 1s grven up on account of the patient’s protests
and these of his relatives Upder such circumstances, an oxygen
{ent may be tolerated and may provide some reliel, but the pownt
1 wish to mahe 15 that nesther the mask nor the tent will win mn
these last ditch battles Oxygen given through a mask, a half hour
©n, then a rest, and then anotber period of inhalation, before the
patient s lungs are so filled with transudate or exudate that oxygen
cannot reach much of the lung tissue, may be a decisive factor in
mereasmg the strength and resistance of the patient It 1s my
opinton that we have been guilty of an unwise hindliness in our
attitude toward osygen therapy No one would delay operation
PaT & RASAT sorfanng i ar avute and frorshimg qpranduty
because the sufferer objected to the preparations and to the pros
pects of a surgical operation But with otygen we are irresolute
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It 15 hard to believe that anoxa of dangerous extent 1mpends, and
that the chance to avoid this calamuty 1s the immediate and per
sistent use of an oxygen mask

So far, m this discussion, we have thought only of giving a
pattent the benefit of all the oxygen possible by providing a non
leahing mask so that 100 per cent oxygen reaches him steadily and
at normal atmospheric pressure From the experiments described
1n this and preceding lectures, 1t should be clear that 1f high con
centrations of oxygen reach the alveolt, the tendency for leakage
from the lung capillaries due to anoxia will be checked In this
demonstration, the fact 1s mhberent that the higher the pressure
of the oxygen mn the air passages, the better the chance for oxygen
to reach the blood tn the lung capillaries, their ining endothelum,
the smooth muscle cells, and all the varied cellular population of
the hungs Recall a photomicrograph (Figure 11), shown 1n the
second lecture, which made 1t clear that a layer of exudate or
transudate thickens the barrer between the blood m the alveolar
capillanies and the alveolar air We have been able to show, by
recording flow of lymph from the lungs, that the production of
thickened barriers of this sort between blood and lung air 13
checked 1f high concentrations of oxygen are mhaled before the
situation has advanced too far, and before transudate or exudate
has leaked 1nto alveolt, to be moved up mto bronchioles

If breathing pure oxygen under normal atmospheric pressure
serves a useful end when the early stages of difficulty with gas
transfer 1n the lungs are encountered, then increased pressure of
axygen 1n the alveolar air above the atmospheric level must be of
further utihty It has thus happened very naturally that i recent
years patients needing oxygen have not only been given 100 per
cent oxygen to breathe, but have been caused to breathe under
some degree of positrve pressure ‘The symplest way to cause height
ened oxygen pressure in the Jung alveol: 1s to msert some block
agamst expiration It has, however, been shown that resistance o
expiration invariably induces enhanced mspiration, so that leakage
from the lung capullaries 15 not checked to any useful degree But
i pure oxygen 1s admmistered under higher than atmospherc
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pressure 2nd expiration 1s also to some degree blocked, then one
may expect that oxygen will reach the endothelum of lung
capillanies There will be pressure of oxygen mto the pulmonary
blood, and, finally, direct pressure agamnst filtration of flud from
the capillanies into the interstitial tissues of the lungs and into
the air passages

It 15 easy to agree to these physiological advantages, but not
easy to contemplate afficting a dyspneic patient with an oxygen
mask or hood so arranged as to compel him to breathe agamst

In breathing, the active lar event 1s 1nsp

It 15 an act 1 which man 15 constantly engaged, and for which he
1s thus always 1n tramming Resistance to mspiration, which 15
highly undesirable i pulmonary edema, can be tolerated quite
well so far as the muscular act of getting air under difficulty 13
concerned, but when 1t becomes necessary to do active muscular
work for each expiration, the load 1s less welcome We make oc
casonal violent exhalations 1n shouting 1n coughing m blowing
mto some of the larger and more offensive wind mnstruments, but
we lack training for expiratory effort and object to a load upon
this phase of breathing Since the physiological appropnateness
of breathing agamst pressure—that 1s, inhaling oxygen supplied
to a mask under more than atmospheric pressure and exhaling
against this opposing load—is so well suited to check leakage from
the lung capillanes, the problem to be settled ts very practical We
need to know what happens to normal persons and to those ser
ousty 3l when made to breathe against pressure, and how much
pressure can be employed Barach (7) has recently reviewed his
own worh and that of others in this field Apparently a normal
adult can breathe without discomfort agmnst a resistance of 6 cm
of water, and patients with pulmonary edema from a vanety of
causes are able to meet the same load There seems justification
for the belief that in trntative conditions, such for example, as
follow the inhalation of chlorine or other wrtating gases, the ,
mucosa of the bronchioles tends to occlude these passages by
swelling, and also that thetr smooth muscle may be thrown
some degree of persistent contraction Both of these events
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1t 15 hard to believe that anoxa of dangerous extent ympends, and
that the chance to avord this calamuty 1s the tmmediate and per
sistent use of an oxygen mask

So far, i this discussion, ne have thought only of gnang 2
patient the benefit of all the oxygen possible by providing a non
leakung mask so that 100 per cent oxygen reaches him steadily and
at normal atmosphersc p From the exp descnbed
m this and preceding lectures, it should be clear that if high con
centrations of oxygen reach the alveoh, the tendency for leabage
{rom the lung capillaries due to anoxia will be checked In this
demonstration, the fact 1s mherent that the igher the pressure
of the otygen m the air passages, the better the chance for otygen
to reach the blood in the lung capillarues, ther hnng endothelum,
the smooth muscle cells, and all the vared ceflular population of
the lungs Recall a photomucrograph (Figure 11), shown m the
second lecture, which made 1t clear that a layer of exvdate of
transudate thickens the barrier between the blood 1n the alveolar
capillartes and the alveolar air We have been able to show, By
vecording flow of Iymph from the Iungs, that the production of
thickened barrters of this sort between blood and Jung air !5
cheched 1f hugh concentrations of oxygen ate inhaled before the
situation has advanced too far, and before transudate or exudate
has lealed into alveols, to he moved up 1nto bronchioles

If breathing pure oxygen under normal atmosphenc pressute
serves a useful end when the early stages of difficulty with gas
transfer n the lungs are encountered, then mcreased pressure of
oxygen in the alveolar air above the atmasphenc level must be of
further utihity It has thus happened very naturally that sn recent
years patients needing oxygen have nat only been given 100 per
cent oxygen to breathe, but bave been caused to breathe under
some degree of posttive pressuce The simplest way to cause height
ened oxygen pressure n the Jung alveoh is to msert some block
agamst exprration It has, however, been shown that resistance ta
expiration bly induces d 5o that leakage
from the lung capillanies 1 not checked to any useful degree But
«f pure oxygen 5 admimstered under bigher than atmosphent
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ARTIFICIAL RESPIRATION

HE SUBJECT of artifictal respiration has been confused and
Tcomroversxal through many years—a state of affairs which
has arisen because of the 1dea that methods of artifictal respiration
very efficient 1 laboratory experiments or in the operating room
are equally appropriate for field use in the common emergencies of
drowning, electic shock, and gas powsoning The situations, how-
ever, are very different In the field emergencies, artifical respira-
tion must be given at once and under diverse and unfavorable con
ditions, moreover, 1t must wsually be applied by a layman In the
laboratory or the operating mom, mechanical apphances and ex-
pertenced op are U , however, many
individuals whose position and authorty have caused their pro
nouncements to have great weight have not distinguished clearly
between the practical 1ssues mvolved 1n these two very different
situations

My interest in the problems of resuscitation and artificial
Tespiration began in 1921, when 1 was asked by the American Gas
Assocnation to form a national commuttee to review the current

methods for m carbon d and if
possible to suggest new treatment Such a commuttee was formerl
and I was Its bership was a d

one Doctors Walter B Cannon, David L Edsall, Lawrence J
Henderson, and Francis W Peabody, Professors, respectively, of
Physiology, Clinical Medicine, Biological Chemustry, and Medicine
at the Harvard Medical School, Yandell Henderson, Professor of
Applied Physiology, and Howard W Haggard, Instructor 1n Ap-
phed Physiology, Yale University, Royd R Sayers, Chief Surgeon,
Umited States Bureau of Mines, and Mr Charles B Scott, Bureau
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ume The result has been a reasonable combmation of field ex
pertence with a continwng interest in certamn aspects of laboratory
work upon breathing These facts ate aited merely to mdicate my
acquatntance with the battlefield of artificral resprration—a field
of debate on which I have watched Jack of understanding and
musunderstanding rux sumple 1ssues to a degree which has been
unfortunate, though happily less consequentral than has been con
tended (3) for human hife

Let us go back over the years to see something of the ways in
which present problems have developed Owmg to the fact that
death Is 13 usually Jled by resp y fature, with
curculatory collapse following 1n a matter of nunutes, to the laiy
the cessation of breathing has always meant death Naturally and
from greatest antiquity there are reports of rawsmg the dead,
apparently muraculous revivals i which, as a matter of fact,
merely something has been done to give the breathing a shght
boost and so enable the victum to make another effort for himself

EMERCENCY ARTIFICIAL RESPIRATION

When a man 1n good health suffers an acctdent which stops hus
breathung, the first and most fundamental issue which atises 1s how
much time the rescuer may have before the crrculation will also
cease and death occur In Figure 23 (4), I have made what seems
tome a farr & 1 of the This diagram
makes it clear that fatal anouia may often be warded off 1l artificial
fespiration 1s mstituted during the first four munutes after breath
1ng stops, but that after this time the chances for recovery raprdly
become chances mdeed If the victtm of respiratory failure 1s to
recover, artificial respiration must be given wathout an tostant ol
deliy No method for ventilating the Iungs, however ideal 1its
Proponents deem it, can stand agamst the rapid fali m the chances
for survival so evident in the first fise minates of asphyxa Even
the most enth of mechameal devces for artificrat
Tespiration concur in this appraisal, and advocate, as the first
measure to be used, some type of resuscatation method which any
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for the efficacy of the mouth to mouth maneuver While 1t 1s true
that the oxygen i the expired air of the blower must certamly
be hugher than that available m the blood of the patient, and may
be of some service on that account, the carbon dioude 1 the
blower's expired air can have little effect in sumulating the pa

tient s resprratory center, since in respiratory failure the carbon
dioude of the blood 1n the lungs 1s so high that a 3 per cent m

crease of this gas in the ventilating arr would be of neghgible
consequence The real reasons for the efficacy of mouth to mouth
wsufflation reside to a considerable degree on reflex effects on the
patient's breathung resulting from distension of his lungs by the
msufflaion maneuver Medical students, m therr physiological
studies of normal breathing, are imvanably confused by the
Hering Breuer reflex It 1s easv for them to understand that m
the metabolism of the respreatory center carbon dioxde 15 pro-
duced, and that an a center normally supphied with oxygen and
metabohizing normally, impulses bringing about insprration result

g from catbon dioxide formation are discharged rhythmcally
But to understand further that nerve impulses from the lungs also
have a marked mflvence upon breathing always causes difficulty

Yet, 1t 1s fact that these reflex nervous effects from the pulmonary
alveol are nat anly of the utmost importance for normal breathng
but are also of p when breathing has stopped

Divested of det:uls, the f:ms of consequence are that if the pul

monary alveoh are suddenly infated to full or overfull capaaty,
volleys of nerve impulses, origmating m vagal endings, reach the
respiratory governing mechanism and bring about an expira

tory effort—an effort wbxch 15 followed by a correspondingly

energetic if an working with
a normal animal nstead of blowmg nta the lungs, sucks strongly
so that alveoh: are psed, nerve impulses

in the Tungs bring about a strong inspiratory effort One can
demonstrate the efficiency of these reflexes from the lungs for
Testonng breathing by inflating or deflating the lungs of an
a2sphyxated amimal whose airculation 1s mtact Enther of these
Procedures results 1n an effort in the oppestte direction, an effort
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intelligent bystander can apply at once and without resort
mechanical apphances,

The most ancient method for restoring breathing is mouth to
mouth msufffation—a method which, in my opinion, will always be
one of the best At the present time, however, except for use on
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stillborn nfants, mouth to mouth insuffation has hitle vogue Bu;
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mouth to mouth nsufflation works is because air containing 2 fair
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man shoched by electricity, or a patient suffermg from the more
subtle effects of carbon monoxide, 15 obviously nothing mote than
hopeful thinking The second and much more 1nteresting paper
1s that of Thompson and Binbaum (9) These investigators
found that 1f dogs had ceased to breathe they could be revived by
blowing mitrogen into their lungs and then suching it out for
expiration This work 1s a convincing Iaboratory demonstration
of the efficacy of the Hering Breuer reflexes for caustag spontane-
ous efforts to breathe But, again, the fact 1t teaches does not
apply to the usual field experience requinng artificial respiration
The only sort of blow and suck agency certainly available for use
mn emergencies requrmg instant employment of resusciative
measures 15 mouth to mouth msufflation, a noncommercial 1
strumentality with 2 history which loses itself 1n the past

From the pomnt of view of an mquiry such as ths, artifical
respiration must fit a number of needs

1 The principal amm of the method used may be the promptest
possible stimulation of normal respiratory movements For this
purpose the best Iine of attack 1s through the Hening Breuer re
flexes, 1n the hope that alveolar nflation or deflation will be fol
lowed by brief respiratory actiity For sustaned breathing
carbon droude stimulation, d by ligh conc
of oxygen, 15 the soundest reliance

2 A satisfactory method of resuscitation must, from the out
set, provide such a degree of ventilation as to relieve the patient
1immediately from the dangers of oxygen lack, so that the arcula
tion will continue paired This 15 the act lishment of the
ordnary types of artifictal respiration which merely am to give
the pattent time to recover his natural ability to breathe The
claims that blow and suck devices aid the circulation are not based
upon sound observation {10)

3 Finally, and this 1s the subject of the second Jarge section
of this chapter, artificial respiration s often required for hours
even years, and the type employed must, of atself, do no barm to

the patient \
The second and third of these requirements of a satisfactory
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method of artificial resprration are m reahty rather separate from
the first, though, as I have ponted out, this distinction has usually
been overlooked All of us agree that 1f a patient 1s not breathung,
aoything that will start Yy 15 P e
But this by no means gives carte blanche to continuous use of
methods of artificial respucation, whuch, if carried on for even
2n hour, will of themselves not only gradually fail to i
the Tungs but may also leave substantial damage i their wake It
beisg understood that milation and deflation of the alveolt 1s a
stnulus to breathing, even though hrought about by posiive
pressure and suct:on mstead of m the normal manner, the problem
whith confronts us 1s the simplest way to accomphsh this end
Martinez s evidence, based upon the use of the E & J resuscitator
1.3 large senes of infants, shows that an elaborate apphance ap
parently meets the simple and very temporary utility of stimulat
ing breathing through the Hening Breuer reflexes This should not
be interpreted as ewidence that the applance is particularly
efficient and does no damage to the lungs sf continued 1n use for an
baur or more It 15 an expression of the fact that the resuscitators
n spechally tramed medical hands, as Martinez 13 careful to
pomt out, may perform the tash. of expanding and contractng the
Tung alveoh: for the very brief pesiod 1a which this stmulation of
the resprzatory center 1s useful

But consider how simply competent anesthetists have achreved
the same result over many years Waters (5) bas dlustrated a2
techmique used widely 1 operating room emergeacies This pro
cedure s shown 1n Figute 24 Here the anesthetist utilizes 2 rubber
bag illed with oxygen and connected to a face mask as Ins means
ol positive pressure 1mflation of the lungs, or, the otygen filled bag
being unavailable, elicats the Hering Breuer reflex effects by mouth
tomouth msufflation This procedure has been used by anesthelists
for years and operates effectively and without the expense of
elaborate whose h 1 far aut
weighs its troe usefulness 1f physicians desire mechamcal de-
Viees equipped with valves so that aruficial respiration may be
#hen by a posttive blast through a face mask or pasopharyngeal




PULMONARY EDp
not comparable to Whag ight p, \Ppen
patlents

Bntzsb expenence has Supplieq substanual
e

€
Paralysis of breathyp, The o, s 80 yeays old, walsd ‘ze
clear resplratmy Passages o, ve el
ag



TN T

=

w&'!l-w\rv'y
X Q"
5 . A

T1o 25 —The Bragg Paul pulsator 1 operation upon 1 patient Th boxes
contam a pump motor and accessories to drne air o rublerized bag
beld under the broad belt Inflation compresses the lower jart of the chet
and upper abdomen causing evpiration Inspiration follows as a result of
the elastic recoil of the parts (Irom Report of the Respirators (Pohomie
litis) Commuttee Special Report Series No 237 Medical Research Counail
London 1939 Breath ng Machines and Their Use in Treatment Plate 111
fg A faung p 15 By permussion of the Coatroller of His Lrtannic
Majesty s Stationery Office )




e v

[
-

u
ot
==






%4 PULMONARY EDEMA AND INFLAMMATION

convincing character cannot be carrted out upon men unless they
have actually stopped breathing, these mvestigators used dogs
1 their expertments, and brought about cessation of breathung by
transection of the spmal cord just below the first cervical vertebra
or by escessive doses of nembutal They measured the oygen
content of artersal and venous blood, the cardiac output, and the
munute volume of breathing duning astificeal respreation wmduced
by a lat v pumpng device adjusted to gve the ammal a
mmute volume of normat value, durmg artifical respiration by
the Schifer method as well as 1t can be given to a dog, and, finally,
durmng artfictal respiration with the tilting method advocated by
Eve The comparative figures are of little practical sgmficance
swce blow and such artificial respiration through a tracheal can
nula under the usual laboratory surroundings is always efficient
for a time Sumnlarly, what one can do with a dog m the way of
pressure artificsal respiration by simulated Schafer techmque 1s 1m
na sense comparable to what mght perhaps be achieved with man
On the other hand, there 1s Iittle apparent reason to feel that the
tiling method apphed to a dog unable to breathe may not give
results reasonably comparable to what one mught expect to gam 1
a human case The unportant facts of Hemmgway and Nels
expensments are that the rocking method gave excellent artersal
saturation with axygen sustamed cardiac output at a good Tevel,
and provided a very respectable tidal velume of breathing Onesig
nificant pomt brought out mn this interesting paper 15 the extent
of cardiac filing achieved by the rhythme head down position
If, with this aid to the crculation, sufficient veptilation was
secured to prevent anoxia of the heart, the ammal was safe—
indeed qunte normal for his physically tnactive condition Heming

way and New's series of expenments did ot wclude any ob

servations upon possible damage to the kuwgs ansessed at the close
of the abservations or, in nembutal experiments, a day or tno affer
the ammals bad recoveted The experiments are, however, straight

forward evidence that m the emergency of respiratory fmlure
Exe’s roching method, started as soon as possible after breathl:;g
stops, provides very efficent ventilation The authors conclude




ARTIFICIAL RESPIRATION 95

their paper with the admonition that, n the practical employment
of the method, operators must always be instructed to use the
Schafer prone pressure method until even the crude arrangements
necessary for Eve’s method can be brought together

From the time of John Hunter (17), artificial respiration by
means of a pump, connected in varymg ways with the air passages
s0as to blow air into the Jungs for mspiration and such 1t out for
expiration, has had great appeal to every one interested 1 the

1on problem Physiol have tied 2 cannula n the

trachea, connected 1t with an air pump, and given artificial respira
tion 1n a great variety of physiclogical experiments many of which
have resulted in fundamental mformation It must, however, be
reahzed that no physwologist using artificral respiration mn a
mammalian experiment employs a pump with a blow-off valve
atbitranily set so that, no matter what the needs of the animal as
regards oxygenation of the blood, the supply 1s determned by an
unalterable setting of the pump One cannot quarrel with the
wisdom of providing for safe 1m appl freely sold
to and used by nonmedical personnel—as 15 the case with the
resuscitators now 1n use, and was the case with the final pulmotor,
Pprototype of the resuscitators The physiologist giving artifictal
tespiration by such a device changes the setting of his pump as
tus observations indicate necessary He employs the lungs to aerate
the blood, and, since his under such
are ordinanly termnated by sacrificing the animal, he 15 uncon
cemned about the condition 1 which the method of ventilation
leaves the lungs at the close of the expenment

In spute of the potential hazards of such a procedure, the me
chanteal attractiveness of substituting blow and suck breathing for
the normal negative pressure breathing has led to many efforts to
create a pumping device to prowide artificial respiration It 15
significant that no such appliance has been devised or serously
advocated by a chimean plished 1n resp y physiol
orby a physiologist since the time of John Hunter Yet the med:cal
Profession has for years had mcessant sales onslaughts by mgen
10us mechanical engmeers who have devised apphances which are
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tion over Jong pertods of time 1f the patient 1s not too paralyzed
to cooperate If he loses control of swallowing—that 15, 1f he be-
comes a case of generalized bulbar paralysis—then factors enter
the problem beyond the 1ssues of simple aruficial breathing The
respirator has taught us a good deal about the wmexorableness of
ding paralytic resy y failure

From the phystological pomt of view, one very interesting
problem about the respirator seems to me to be the fact that
no one has been able to make one of the cuirass type, as shown i
Figure 27, which works well unless the patient can, to some extent
breathe for humself I have pomnted out (4) that the difficulty with
cuirass resprrators may be due to the abdominal pressure caused
by the seal which surrounds the abdomen just above the iliac
crests—pressure which may impose a bloch to dphragmatic
moavement This 15, however, merely a suggestion for which I can
supply no nvestigative support The difficulty of mflating the
Tungs of premature infants 1s not answered by the comparatively
muld munstrations of the respirator If anything beyond the natural
abilitres of the infant can accomphsh this, 1t 15 positive pressure
ventilation alone—gyven for a few minutes only

Finally, 1n view of recent attention to 1t (19), a further dewice
for supplying respiration must be mentioned In 1924, Thun
berg (20) made what he called a barospirator This machmne was
the result of an nterestmg apphcation of physical principles to
breathing In Thunberg s apphance, the subject—n 1927, I my
self had the interesting experience of being a subject—is mclosed
1n a metal cyhinder which 1s sealed tight, except for an adjustable
coch at the top and connection with a lasge capacity pump for
thythmucally making and reducing pressure mn the cylinder m
closing the patient The way in which the barosprrator works
15 easy to demonstrate If one places a lighted candle mside 3
moderate sized concal glass flask on the laboratory table the
candle may flicker and go out If, in the same flask, the candle ‘;
placed withm the barosprrator, m which alternating positive 3:}:
negative pressure 15 expertenced the flame never fades Yet the
glass flash has 1ly d unchanged during the expert
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ment Thunberg subststuted pressure change for volume change
1o the fundamental gas faw vp = vp Novmal breathing 15 volume
breathung, hshed by expanding the chest for wnspiration,
thus making room for more arr under normal atmospheric pres

sure Atexpiration, the thoracic size 1s reduced In pressure breath

mg, varations m pressure above and below atmospheric Jevel are
apphied 1o the ontside of the body and into the arr passages stmul

taneousty The same conditions are mvolved in the expeniment
with the candle in the flask No change can oecur 1n the size of the
flask, and the oxygen supply which keeps the flame ahght 1 pro

vided by the vartations i pressute The experiment is of more
than theoretical mterest, since when a man 15 placed m a baro-
spirator and vanations 1 pressure of sufficient size are applied,
spontaneous breathing stops, and the subject hes perfectly still
without realizing that respiratory movements have ceased Thun

bergs clinical assoctates 1 Sweden treated a number of patients
102 barospirator Iarge enough to accommodate a physician purse,
and patient The results in these acute mstances of respiratory
fatlure were not striking It 15, however, posstble that, with present
day knowledge of the localizing effects of lung quiescence on
pulmonaty mfections, therapeutic use may be made of Thunberg s
method Certanly ammal experiments i which breathing move

™ents are suspended for some days would be of decided mterest
and value

REFEREANCES
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CONCLUSION

T THE CLOSE of this presentation of so old a subject as pul
monary edema, 1t 1s fitting to point out some of the things
which should have been ncluded 1n such a discussion, but which
Thave not attempted to treat since I lach clinical or experimental
acquaintance with them
Pulmonary edema sometimes occurs very abruptly and under
arcumstances which make changes 1n the permeability of the
lung capullartes due to touns or unfavorable pressures in these
vessels improbable as imitial causes There 1s, for example, a large
Literature upon pul y edema In edemas of this
sort, leakage of flud 1nto the lungs occurs so rapidly and so un
expectedly that 1t appears as 1f something must suddenly pull a
tngger bunging about the edema, which, once started, proceeds
along the hines discussed 1n these lectures Upon what the imtia
tion of edema n such cases depends, I can express no opimon
But once established, the consequences of the edema are 1dentscal
with those 1nvolved in transudation from less intricate causes In
these lectures, however, the general thesis which I have wished to
Present 1s not an over all picture of the causes of pulmonary edema
1t is, rather, the part played in 1ts causation by changes wn the
permeability of the lung capillary endothelum, and particularly
the part played by anowua 1n effecting these changes
To this end, the first lecture 15 devoted to an exposition of the
anatomy of the lungs as 1t relates to the problems of transudation
The capillaty cireulation of the lungs 1s shown to be a close-
meshed net surrounding the alveols, a net so extensne that the
Blood showers over the alveolt 1 what amounts to a continuous
sheet This vast capillary area 1s large enough to meet the most
extreme conditions provided by the heauiest physical exeraise
This fact, howes er, smposes the possibility that a man at rest may
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dispense with a great part of the capillary area, since he can
accomphsh his respiratory need> through 2 comparatwvely small
section of the Jungs

‘The first lecture also points out that the lung capiliary endo-
thehum depends for sts oxygen supply upon the air reaching the
wdvidual alveoli, and not—as 1 the case in the rest of the hody—
upon oxygen brought by the artenal blood It thus happens that
when transudates and exudates, leakng mnto the alveolt and
forced up mto the bronchioles, exclude air from groups of alveolr
anoxia results, with 1ts mevatable effects on capillary pesmeability
Exudates or transtdates 1 the lungs depend to a certam extert
upon the lymphatics for removal In the Jungs the ymphatic sys
tem 15 extraordmaril, € of & vast netwark of
vessels which drain via the right lymphatic duct isto the nght
subclavian vem This duct 1s, however, very small, and constitates
a ventable battleneck in the pathway of lymph dramage from the
Iungs
'lghe first lecture contingres with a corselatson of the deceptive
possibilittes of lung function at different grades of respiatory
need with the existence n the lungs of large amounts of smoat
muscle and of elastic tissue—which, 1t 13 suggested, enab!e‘ he
lungs to adapt their size to ¢k it y req

n the second lecture, the balance of forces regulating move
ment of water through the walls of typreal systemic capilianes 15
contrasted with the novel condstions found i the Xu‘ngs 'Yh?ﬁ
novel candstions are an t p {' ry arterio arews
tion, which provides hittle opp ty for ¢ va!
regz;!atxon, pan enormously laxge network of capiifanes, 8 tl:.:
capllary bload pressure, and, finally, a variable degree of n‘gat "
pressure m the thorax, which acts 1oward drawing water ou!
hy blaod stream
’ %ﬁ“:;o‘;izs of this setting m the lungs, the effects are (ﬁ:
cussed of alteratians mn the permeability of the caplary wals,

the
parncularly those due to anoma, and the pecohat s‘mmgnagfmx
Jung vessels 15 pictured m 1t relation to the occurrenbced vt 55
Finally—though lymphatics all over the rest of the body
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their pranciple function the restoration of blood proteins from the
wterstital t1ssues to the blood vessels—the mefficiency of the lung
Iymphattcs 1n remowing excessive transudation s made clear by a
description of the results of employmg a novel experimental agent
This compound, though it has no effect on caprilaries 1n other
parts of the body, by mcreasing the permeability of the lung
capillartes causes fatal pulmonary edema with pleural effusion

In the third and fourth lectures, these physiological analyses
become the basts, fiest, of & discussien of the effects of breathing
on tmnsudaum and second, of the treatment to be applhed
when 15 or 1s occurring From the
Dphysiwlogical poml of view there are two lines of therapeutic
attack upon pulmonary edema first, to combat the progressive
effects of anoua in causing undue capillary leakage, and, second,
to modify p y pressure cond $0 as to resist the
tendency of the normal negative pressure 1 the chest to increase
the flow of water out of the lung capillaries

The final section of the monograph, on artificial resprration,
has been added because of my conviction that many of the matters
discussed 1 the preceding lectures need to be clanfied for all of
us who are concerned with arresting the fatal anoxia of suspended
breathing I have attempted to pount out 1n very short space that
three things must be considered 1 conmection with artificial
Tespimation fisst, the efficacy of the method in supplymg oxygen
second, the possible effects of the method in renewing the normal
actvity of the respiratory center, and third, the effects of the
method used on the lungs This last aspect of the problem of
artificial resprration has recemved too ltttle attention from those
conterned with the problems of resuscitatton In the past, if 2
Patient who has stopped breathing has reganed power to breathe,
we bave deemed the resuscitation measures used successful But
perhaps §f we realize that, at the same time, the measures used
may have lelt the pattent a legacy of abnormalities m the lungs,
which a mote wisely cnncen ed techmque would have avoided our
Tonceptions of n” may be hat modi-
fied Since 1t has been impossible to descuss all of the great number
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of proced lable for combating ry failure, I have
arbxtranly selected for discussion those methods which best
illustrate what I beheve to be the really important underlymng

prmciples
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