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ABSTHACT

This thesis describes a series of experiments undertalken to
investigate come aspects of the pathogenesis of pulmonary oedera and
the functional changes associated with its developmente Studies were
nade in cnacsthetised dogs, isolated dog lungs and in man. The isolated
lung secries afforded the opportunity of investigating the effect of &
range of vascular and alveolar pressures on the rate of fluid cccurula-
tion during norioxia and hypoxia, and to correlate the results with
histological evidences The results showved that direct fluid leakage
fron larger vessels (arteries up to 200u and veins up to 750u in diareter,
nade a significant contribution to oecdema developmente Hypoxia caused
an increase in the arterial contribution and was invariably accompanied
by peri-arterial heesorrhages It is suggested that random sites of
microrupture in arteriolar walls may be the main source of fluid in

hypoxic pulmonary oecdenmae.

In a further series it was shown that inducing small known
asmounts of oederma in vertical isolated lungs led to diversion of ventila-
tion and bloed flow nway from the dependent regionse These effccts on
basal ventilation and blood flow were exaggerated at low lung volunmes
and partizlly reversed at higher lung volumes. It is indicated that
the changes -ere brought about by interstitial oedema fluid surrounding
conducting airwvays and vessels, causing closure of emall airways and
narrowing of extra-alveolar vessclse Sinilar changes vere found in the
distribution of ventilation and blood flow in a group of patients with
liver cirrhosis, thought to have interstitiel oecdema. It is suygested
that studies of regional pulmonary ventilation and blood flow, together
with measurements of overall gas exchange, may provide a mcens of

dingnosing tho carly stages of oedena in patients.
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CHAFT.I T

INTHODUCTIUN

tulmonary oedera is a pathologicul state in which there is
extra-vascular accumulation of fluid in the lunge 1In its acute stage
it resulte in gross impairment of ventilation and diffusicn and can be
a direct or contributésy cause of decath. Two situations vwhere lung
oedena can iteelf be the cause of death arc hypoxia of high altitude and
inhalation of irritant gases. lore often, ho.ever, it is a complication
of other dieocasese Table I (Cameron, 19%8) illustrates the diversity
of diseascs uwhich were identified at autopsy in one hundred cases of
pulmonary ocdema. Talde II (also froa Cameron) sliows the frequency
at which lung ocdena occurs in certain selected discasese. Since
bulmunary ozdeoma is associated with so pany conditions, it is important
to investigate its pathogencsis so that its treatrment or prevention

can be more effcective.

Fluid bExchanage in the Fulmonary Circulation

General considerations (Sge Addendum at back of thesis)

sStarling's Lew (1896) governs the bulk novement of water
between capillaries and the surrounding tissues. It states that water
passes out of the capillaries (filtration) as a result of capillary
hydrostatic pressure, and passcs into the capillaries (absorption) as a
result of the osmotic pressurc of the plasma proteinse i :odified
version of Starling's Lawv is given belows 1t tekes not only the capillary
pararccters into account, but also the hydrostatic and osmotic pressures
of the ldgitd surrounding the capillary. The forces favouring filtration

have a plus (+) sign, and those favouring absorption a minus (-) signe.



ain necropsy findings in 100 cases of pulmonary edern®

fatholosy lice of cases
Severe coronary dicease 34
Congestive cardiac failure 32
Carcinona of various sites, including lung 27
“asting, moderate 25
Wasting, severe 19
Bronchopneuronia 2>
ilypertensive diccoce 18
Chronic bronchitis alone 1
Carcinoza of liver . 11
Obstruction of pulconary veins by carcinonz 11
llagsive pulrmonary embolisn 10
Cerebral herorrhare 9
Cerebral turmor 7
Tuberculosic 6
Cirrhosis of liver 6
Fractured ckull 3
liultiple fractures (excldding skull) e

*Cameron, Ge.R., 1948.



T:BLEL II

Frequency of rulronary edera in 500 necropsies of cardiovaccular dieence,
cerebral injury, and rultiple fractures®

Patholosy Total no. o, showing
—_—e of caces rulmonary edema
P eveluding shronic nephritic) o 01 (867
Chronic nephritis 50 37 (742)
Complete coronary obstructior 66 4s (65,9)
Cercbral hemobrhage 66 Ly (67,5)
liitral sterosis 8l 55 (651)
Fractured skull 35 2k (63.9)
Multiple fractures (excluding skull) 28 17 (614)
Puleonary embolicn 74 23 (31..)
Total 500 326 (65%)

‘Cnﬁcron' G.Ro’ 19“8.



.hen these forces arc balanced, then there is no nett fluid rovenrent,.
Fluid movenent = k (Pc - Trpln - Pil + Tril)

(2l
where k = filtration cocfficient (nl/scc/cm™/mn Hg), Pc = capillery
hydrostatic pressure (&m Hg),ﬂ'pln = osmotic pressure of plasma (cm ligl,

P,

i1 pericapillary or interstitial liquid hydrostatie pressure (rn tg),

and TTil = osmotic pressure of the interstitial liquid (mm Hgle

Jorl: by Guyten and Lindsay (1959} indicates that Starling's
Law of transecapillary fluid exchungs can zlso be applied to the pulmonary
circulation. Thoy found that the rate of fluid accumulation in the
extravascular lung tissue vas directly related to the intravascular
forces (Pc -Trplu) and that perigepillery forces had a negligible effect.
In contrast, Levine et al (1965 and 1967) dermonstrated in dogs that the
pericapillary forces, particularly the interstitial liquid pressure,
significantly influcnced fluid accumulation. Later experiments from:
the same laboratory (Mellins et al, 1969) showed a relationship between
ocdena fluid formation and the forces in the Starling equation when
plecural pressure was included as an index of interstitial ljjuid pressurc.
Therefore, Starling's Law may well be applicable to the lung circulation,
in that there is in the normal situation a balance of forces between
blood insido the vessels and the fluid surrounding them, so that net

rovement of fluid in or out of the vesscls is minimal.

work pﬁblishcd to date, hovever, does not clearly define the
application of Starling's Law to the lung because, though capillary
pressure and the plasma osmotie pressure are to some extent knowm (7 and
forees arc not yet establisheds For exanple, interstitial liquid

pressure has only lLeen estinated indireetly. In dog experiments in



vhich fluid accurmulation was studied while varying the parareters in the
Starling cqguation, Levine ot al (1957) estinated Lil to be of orke

order of -9mn ilg. leyer et al (1958) implanted perforated hollow
capsules in the lungs of dogs, and some wecks later neasured a rean
pressure of around -6um g within thems They considered this pressure
to bLe representative of interstitial liquicd pressure Lecause there was
free fluid interchange between the capsule and the surrounding lung
tissue, but again, thés was only an indirect measurenent of interstitial
liquid pressures During oedena development the pressure within the
capcules Liecame positivees The other unknown eatravascular force is the
osmotic pressure of the interstitial liquid (ﬂ—il)' This has been
assusied to be the same as pulmonary lymph (5zm lig) because no direct

sempling of interstitial liquid has been possible.

Lymphatics ¢nd lynph flow

Niller (1947) has suggested that the lung's accessibility to
the environrent, and therefore its susceptibility to invasion by
foreign bodies, nay be the teleological rcason for its otherwise
excessive lymph system. Lymph vessels enter the lung at the hilum and
ferm branching channels in the interstitial tissue surrounding
pulimonary bronchi, arteries and veinse There is also an extensive
lymph network in the subpleural conncctive tissue which, in man, is
linked with the deeper lynph vessels by channels running in the inter-
lobular septa {(von Hayek, 1650). Thosc lymph vessels associated with
the airwvays lie external to the muscularis and between it and the
accompanying arteriole. & second lymph network lies betuecen the fibrous
and ruscular layers, auongst the bronchial veins. The peribronchial
lymph vessels extend peripherally as far as the alveolar ducts, but

are abscnt in the alveolar septa (Drinker, 19453 von Hayely, 16060;



Cottrell, 1967}« also associated vwith the airvays are the lymph nodes,
which are predominantly along the tracheal tree and at the branching
angles. Arterial lymphatics lic betwveen the arteries and adjoining lung
parcnchyna and are considered to extend peripherally to the alveolar
scpta junctions. ihe venous lymphatics are not distinct in mon but in
dogs they form discreet channels end arc in communication with the peri-

bronchiolar lymphatics (tiiller, 1911).

Since the alveolar septa leck lymph vessels, fluid from the
capillaries was thought by vrintier (1945) to enter the lymph vessels only
wvhen the septa had become engorgzede Simple valves in the lymph channels
direct the fluid towvards the hilum, whero it drains via the right
lymphatic duct into the right subclavien veine The mechanism of lymph
flow is not clearly understood, but it is possible that negative pressure
in the subeclavian vein during inspiration, together with the pumping
action of the respiratory excursions, provide thec rceans of propulaion.
Drinler (1945) and Uhley et al (1961), collecting lymph from the right
lynmphatic duct in dogs, showed that normally pulwonary lyuph flow ig
rinirale. It was increased by ventilation at high tidal veolumcs, and
during pulmonary oedena developrment. Possibly the latter was due to an

increased driving pressure associated with a positive interstitial liquid

and therecfore lymph pressure in the lunge.

Pathogenesis of pulmonary oedena

As the Starling equation and experimental cvidence suggest,
there is normally & balance of forces such that nett fluid transfer into
or out of the pulmonary vessels is slight and well within the capacity

of the lymphatic drainage systems It is also erident from the discussion
of transceppllary fluid exchhnge in the lung that any event which brings

about & prolonged increcase in the rate of capillery filtration is a

potential cause of pulmonary oecdemas 1 shall consider only the three



main factors which result in increased capillary filtration, wand
emphasisc the first because it 1is considered to be the ceuse of "haemo-

dynuaic oedema" which is the main subject of this thesis.

1. A rise in capillary hydrostatic pressure,
2 A decronre in the os-otic pressure of the plarna proteins,

5e An increased filtration coefficient,

lizce fectorsy particuloerly the first and third, interact.
For example, & rise in hydrostatic prescure may couse an increare in the
nunber of capillaries open (licll, 1§53 or capilliuy distension
(Glazicer et «l, 1909), both of which vould result in an inecreascd
vessel wvall arce for filtration. also increasing filtration would be a
f&1l in the oscotic pressure of the plusma proteins.  Une situntion
where un altered filtration coefficient by itself night be considered
the cause of pulmonary oedema is during lung tissue domage (and there-
fore altered capillaery perucability charaecteristies) resulting from

inhalation of toiic gosese

Taking the first factor separately now; capillary hyper-
tension can be brought about in a nuuber of ways, of which left
ventricular failure is perhaps the most commone Left atrial pressure
(usually around %+ wm llg) rises and the increased pressure is reflected
back via the pulmonary veins to the capiilaries. There will be a
corresponding rise in pulmonary arterial pressure and if this generalised
pulmonary hypertension is prolonged, besides causing pulmonary oedewma,
it can lead to right heart failure. The second factor, a lowcred
plasma osuotic pressure, is often caused by con upset in the water or
ion balence of the body and is usually associated with an increased

blood volume, which in turn nray contribute te systemic and pulrionary



hypertcnsions In this way the first and second factors iay interact.

Fulionary capillaries have been the accepted site of fluid
exchange and therefore pathogenesis of lung oedena, but evidence is
ccecuntlating that larger vecssels nmay elso be involveds They are, ofter
all, subjected to all the intra and extravasculoer forces ghat
copilleries wrce, though naturally the intravascular hydrostatic pressures
will be different in arterioles and venules from capilleriess Mleo,
in larger vessels the wall thiclness mny be the muain factor limiting

fluid exchuingoe

In the systemic circulation, Landis (193%, 1963) and Courtice

static pressure from the arteriecl to the venous side. Une might expect,
therefore, tissue tfluid to be produced at the arterial cnd and rcabsorbed
at the venous end of thc capillary, ascuming uniform parmeability

along its lengthe However, ilous et al (1930) shoved that, despite

the hydrostatic gradicent, water soluble dyes ppss vwith greater ease
through tiie low jressure venous end than the artericl end of the
capillary, indicating a gradient of permcability clong its lengthe A
sinmilar gradient of permeability was shown by BGhm (1966) in the
pulnonary circulation. Venules were found to be rore perrecable than
capillaries vhen lung ocderma was induced experimentally by alpha-napthyl
thiourca (ieleT.Ue) eduinistration in rats. 3Since leleTelUs is thought
to act spocificodly in increasing capillary peracability, the inter-
pretation of thesce results rnay not be clear cute There is, hovever, o
possibility that venules s well as capilleries ray we involved in fluid
crchange in the lung, and thercefore contribute towards oedena fluid
formantion. Jhat about julmonary arterioles wthich in the lung are

particularly thin valled?



-()-

An in vivo situation in which the arterioles nay be the
principal citc of fluid trensudation rether than capillaries is ocdema
of high altitudecs The 8yndrome of altitude oedera was first described
by Hurtado in 1937 and since then hundreds of cases have Leen recorded.
It scens to occur most comionly in young people 12 to 36 hours after
rapid aszent to altitudes over 10,000 fect. iesidents of altitude,
returning after z short stuay at sca level, arc particularly susceptible.
Cases which have undergonc cardiac catheterisation have shown that
although the pulrmonary arterial pressure wvas grossly elevated, left
atrial pressure remains low and pulmonary venous wedge pressures indicate
a norrmal hydrostatic pressure in the capillearies (FFred et 21, 19523
Hultgren et al, 196%). Orinker (1945) and others have sugaested that
hypoxic oecdera is brought about Ly a direct toxic effect on the
capillary walls, making them abnormally permeables  Uther studies (ilenry
ct al, 1947; Goodale ct al, 1970) do not consider this to be the case.
Cnly when anoxia was extrcue (15-20 mm Hg) was the permeability of the
capillaries to albumin increascd. Oedema of altitude therefore arises
from & situation of arterial hypertension without capillary hypertension,
and apparently little direct cffect of hypoxia on capillary permeanbilitye.
Could the hypertension (which is gencrally thought to bLe caused by
arteriolar constriction) give rice to fluid trensudation upstream of the
constriction sitei nanely from the arterioles and omall arteries? A
prelininary report by whayne and Scveringhaus (1968) suggests that
pulronary arterial hypertension could well lead to oedema formation.
They blocked the terminal bed &f isolated rat lungs with polystyrenc
microspheres and then reiscd the arterial pressurc to 100 mm Hge [Fluid
accumulation in the interstitial space was demonstrated aftcer ten

riinutes,.
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sequence of fluid accurulation in the lunags

The scauence of fluid zecunulation in the lung has conventicn-
zlly Leen considered to be firstly in the alveolar septa, followed by
filling of the interstitial space surroundiv.g progressively larger
and larger vessels and airvays (Drinker, 19%5). Since the fluid was
thought to originate from the alveolar capillaries, then it was
expected that alveolar ozdena would occur eorly in the sequence. !llore
recently, stoud et al (19567) have shown thet alveolar ocdena is a
feature of the later stages of ocdema developmeonte In histological
studies of lungs rapidly fro-en at a variety of stages of ocdema develop-
rent, Staub et 2l (19567) showed that oedema fluid accumulation was first
dotectable in the interstitial connective tissue surrounding extra-
alveolar vessels and airweyse This occurred before there was any
ovidence of alveolar oedesa, or even thickening of the alveolar wallse
These authors did not suggest that the extra-alveolar vessels might be
the cifje of fluid origin, but indicated that the preferential fluid flow
into their surrounding interstitinl spaces may have resulted from the
negative pressure therce described by Meyer et al (1550)« Lymph vesscls,

and
present in the perivascular/peribronchial interstitial tiscue, transport
the fluid to the hilum and complete the drainage of excess fluid from
the lunge Stoub et al (19567) emphasised that,y only in the event of
lymphatic drainage being insufficient to kecep apace with oecdema fluid

formation, would fluid begin to fill alveoli.

Investigations described in Chapters II and II11

The studies described in Chapters 1I and 111 are concerncd with
the investigation of many of the subjects covercd in this section
centitled "'luid Lxchange in the Pulmonary Circulation". In Chapter 11
the experinents were designed to determine wvhether leakage from arterioles

Light be the prirary site of fluid origin in pulnionary ocdema of high
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altitudes UJogs were studied under annesthesia vhilst altitude was
sirmlated by the adninistration of i« hypoxic gas mixture (10, omxygen in
nitrogen). ircceding the hypoxic period, the capillaries of the left
lung were functionally separated fronm their arteries upstream by micro-
sphere embolisation on that sides. In response to hypoxia, pulronary
arterial hypertension developed and was rmaintained for two hours. At

the conclusion of the experiments, biopsies from the lungs were studied
histologically to deterzine the degree of ocdena developnent. leri-
vascular oedema fluid cuffing in the right, patent lung was comparcd

with that in the left lung, vhere cnapillary flow and possible hypertension
were absent. Thus the presence of cedema in the left lung would indicate
that its origin was upstrean from the embolisation sitej namely from

arterioles or small arteries.

In Chapter I1lI the development of oedema has been studied in
isolated dog lungs, both during normoxia and hypoxiae. By controlling
the relationships between alveolar and vascular pressures (such that the
. former exceeded the latter), the capillaries were functionally separated
both frem the arterial and venous compartmonts.  Continuous weighing of
thz lung during cxperiments allowed the rate of fluid transudation fron:
cach vascular compartment to be estimated independentlys Thus the
relative contributions were determined of arteries, capillaries and
veins to oedera formation in the lung under given static vascular and
alveolar pressures.e The cizes of the vessels involved in fluid exchange
ware investigated by mixing a water soluble dye (Evans Blue) with the
blood so that the passage of water out of vessels could be detected
histologically. Vascular and alveolar pressures verce varied fron
experirent to experiment to determine how changes in cither the intra
or the extravascular hydrestatic pressure paraneters in the starling

cquation would affect the rate of fluid transudation across the walls of



extra-alveolnr vesscls. Lung biopsies, taken at intervals, cnabled
correlations to be madc between oedema developzent (as assessed by wiight
gain) and the histological appearsnce of the tissues Thus the scquence
of fluid rccurulatien in tho lung was studied under static ond flow

conditions erd during norroxia cnd hypouia.

Functional defects arising free: the presence of puluonary ocdena

The most inportant effcet of pulionury ovdeuan is inpairpoent of
gas exchanges o number of worliers studying gus eixchange during the
induction of ocdema in dogs have shown cither by reasuring the diffusing
capacity of carbon monoxide (baid et al, 160%; Staub et al, 1¢67), cr by
the breathing of Tov oxygen rmixtures (.illiwe, 1953) that diffusion
izppEksent is not the main cause of erterial hyporaemiae 4he histological
studies of utapu et al (1937) support this finding in that they showed
riniral thickening of the blood/ggs barrier by oecdema fluide ©n the basio
of reasurencnts of venous aduixture during oxygen bLreathing, both
Jillioms ond waid et ol attributed the arterial hypoxaemia to the
presence of large pure shunts, The ciusec of the chunt, however, vere
different, Jillierms suggerted it was due to ocdema fluid filling of
alveoli and airsayse Said et al, on the other hand, must have becn
studying o ruch less acute stage of ocdema development because they found
that the shunt could be revercad by ventilation at hic¢h tidal volumes.

They interpreted this to indicate that bleod was flowing through
atelectatic regions of the lungs which teuld be reoponed by hyperinflations.
MAtelectasis con be considered to be en extremclceasoe of ventiletion/
perfucion incquality which appears to acceormprny the carly stages of

ocdena development. At the zcute stage, gross and irreversible impairment
of gas evophenge is essentially duc to the absence of ventilation.

Another cause of ventilation/rorfusicn inequality, and hence arterinl

hypoxaenia, could be & chingz in the regicnal dictritbution of blocsd flovw.
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iest et al (1965) showed reduced blood flow in the dependent regions of

vertical isolzted lungs in the prescnce of interstitinl oedema.

Interrelated with inpaircent of ges exchange, and poscibly
causing a reduction in ventiletion, are changes in the rochonical pro-
perties of lungse In the presence of ocdema in dogs and irolated lungs,
Cool: et al (1959) shewed a fall in dynamic pulvonary con:plicnce winich
was accompanied Ly o reductien in static cerplionce during inspiration
in the tidzl breathing rangee .hen ocderateous lungs were inflated wvith
fluid (thus winimising the curfoce forces), Cook ¢t al found that the
pressure,/volune characteristices of these lungs vere not significantly
different frow normal fluid filled lungse They Lherefore zuggested
that the differcnce in clustic properilices Letween air {illed normal cond
ocldenatous lungs was o function of surface tension forces being al
by the presence of alveolar ocdema, such that lung units bacane unsteble
at higher volumoes thon normal.  Aldrways resistence wvas found to increase
only in the presence of oedena fluid in the large airvays (Sharp et
al, 19535; Levirne et al, 19065). llughes et al (1970) shoved that inter-
stitial codema enused an increase in qgas trapping in isolated lungs.
They attributed this to peribronchisoler oedera fluid interfering with
the norral distending effect on small airwnys of the expanded lung
parenchynria, so thet eirway closure occurred at higher lung volumes
than in the absence of oederne Such closure of lung units may in fact

be the semp phenomnnon observed by Said et 21 (1964) in the early

strges of oedewa formation.

Deotection and guantitation of pulrionary ocedera

In the clinical situation it is difficult to obtain meaning-
ful reasurercnts to quantitaté the severity of pulmonary oecdenne

Currcnt mothods include cuscultation of the chest, chest N-rays, and,
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sere recently, rultiple indicator dilution techniques {Levine et al,
16555 Chinerd, 1969) and cihest impedance measurements (scveringhaus,
1971) to deternine lqu water. Lut, of these mothods, auscultaticn and
chast N-ravs are cnly qualitative, and enly then in tne prescnce of
aross andenne rultinle indicator dilution technicuns are to sora
degree quantitative in that they a-sess the relative erounts of fluid
in tho intra and extravasculer compartmentse The errors, hovever,
arn so graest that in fact only qross oecdema can reliebly be detected.
The szme applices to chost imnodance mencurerents, vhich essess the
total fluid in the cheste There is therefore at present no reliable
clinical method of detecting pulmonary ocdema in itrs carly stages,

when the zmounts of excess extraovescular fluid ore smalle

Animal studies allow gome degree of oedena quantitation end
these include wet to dry lung weight ratios (Uhley et al, 1961),
microscopic obscrvation of autopsy material (Urinker, 19%5) and
continuous weighing of excised lungs (Jagner ct al, 1901) or open
chest preparations (Sernoff ct aly 1953). Uedena hes also been
evaluated experiventally Ly the accoupanying fall in lung compliance
(Cook ct 2l, 1959) and impaired gas exchange (Willians, 19533 Said
et ul, 195%). In intact dogs, brinker (1945) develovped a technique,
later wodified by Uhley et al (i951) for the collection of lymph from
the right thoracic duct wvhose main source of lymph is the lunge This
night be considered the most meaningful of all the tiethods of

gquantitation.

Investigations described in Chapters IV oand V

The studies dercribed in Chapters IV and V arc concerned



with the physiological effects of early pulnonary oazdema;  in
perticular its cffceet in changing the distribution of ventilation
znd blood flov and lung reochanicse  Could such changes L2 used to

dincnose enrly pulronary ocdena?

In Chapter IV exjperirients are described in which Jenon=-133
was used to measure the distribution of ventilation and blood flow
in isolated dog lungs in the verticel positions casurements werce
made both befere and after inducing controlled amcunts of interstitiul
oedenne by raising pulrmoenary venous pressurce 7The effect of changing
lung velune on the distribution of ventilation and blood flow in
the presence of oademiar was also investigatede Inspiratory and
expiratory pressure/volume curves, rmade before and after ocdena
induction, gave information on changes in lung veclianics.  Further
information on the coffect of cedema on lung mechanics was obteinod
by inflating the lung ot slev and fast rates during the weasurcermoents
of ventilaticen distributions ond expiratory lung gas volumes,
neasured both by spirorotry and the concentration of enon in the
cxpired gasm, indiceted thoe degree of gus trapping in the lung

associated with changes in mechanics,.

In Chanter V studies are described in which Nenon-133
was ueed to reasure the distribution of ventilation and blood
flow in patients with liver cirrhosis, who were thought to have
carly pulmonary oedemas. All the patients were suffering to sore

extent from arterial hypoxacmia and it wvas thereforce of interest
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to determine whcther gross mizmatching of ventilation and bleood flev
might be the main cause of their inpaired gas exchangees The patients!
total lung capacities vere estimated by gas dilution and thercefcere

it van possible to deronstrate by spfiometry the amount of gas
renaining in the lung at functional regidual capacity and residucsl
volume, Thesc volunies indiecated the degree of gas trapping, which
vas then correlated with the distribution of inhaled gase The
possibility of abnormal distributions of ventilation and blood flow

being used for the diagnosis of early oedema is d@scugscde
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CHAPTLR IIX

PULMONARY ART.ORIOLES AND Till DEVELOPHUINT OF HYPOXIC CLDLMNA
IN ANACSIHUTISED DOGS

A

Jhayne and Severinghaus (1968) showed that/arterial hypertension
in isolated rat lungs caused the development of interstitial pulmonary oedemae
Since the entire microcirculation had been blocked by polystyrence nicro-
spheores previous to the hypertension, they concluded that the oedera
fluid had originated fron arterioles and small arteries upsttean of the
embolisation site. They also found perivascular fluid cuffs containing
some red cells in the lungs of rats which had been swirming while breathing
a gas nixture of 8-10.. oxygen in nitrogen, showing that hypoxic oedema had
developeds The experiments, however, lacked moasurements of pulmonary
arterial and left atrial pressures, which would have helped in determining

the main site of origin of the ocdena.

In the series described here, the dog was chosen as the experi-
mental animal because its size afforded the possibility of inserting
catheters to monitor pulmonary arterial and left atrial pressures during
hypoxiae The same technique of polystyrene microsphere embolisation was
used to secparate the arterial from the capillary bed, but cmbolisatidn
was limited to the left lunge Thus the capillaries of the left lung were
protected against subsequent hypoxic hypertension and any fluid transudation
into the interstitial space will have originated upstrecam from arterioles
or arteries, The left atrial catheter was used to confirm a normal
pulmonary venous pressurc @Quring hypoxia and therefore prohibit any venous
contribution towards oedema formation. Experiments described in this
chapter were designed to determine whether perivascular oedema fluid

accunulation could occur in vivo, in the absence of capillary flow or

hypertension.
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NLTHODS

Young rongrel dogs weighing between 10-15 Kg were studieds Anaesthesia
was induced with perfobarbiteal (30 mg/kg) injected intravenously, and muscle
relaxation obtained with gallemine (20 mg/30 min) to permit artificial
ventilation via a tracheotomy. A Bird respirator powered an enclosed
bellow (Air Shields Ventimeter) coupled to & conventional anaesthetic circuit
containing a carbon dioxide (002) absorber. Lnd tidal oxygen tension was
continuously recorded by an clectrode coupled into the brecathing circuit
just beyond the expiratory valve in such a way that the inspiratory positive
pressure in the circuit forced end tidal gas from the previous breath through
the electrode. The inflow rates of nitrogen (Nz) and oxygen (02) wvere
adjusted manually with needle valves and flow meters to obtain the desired
end tidal 02 tensione. Tracheal COZ tension was recorded by an infra-red
cnalyser and ventilation was adjusted to hold 002 tcnsion between 30-40 mm lge.
Catheters were placed in the left earotid artery ond in the left pulronary
artery via the jugular vein.

The lcft atrium and mein pulmonary artery were exposed through the left
fourth intercostal space and a snare of nylon fishing line was passed around
the left pulmonary ertery within the pericardiume A polythene catheter was
placed in the left atrial appendage using a purse-string suturo. Pressures
in the carotid artery, left or main pulmonary artery and left atrium were
rcecorded with pressure transducers. Through a midline abdominal incision, a
25 cm long vinyl tube with internal diameter 3.5 mm was inserted, onc end
in the aorta and the other in the inferior vena cava. A screw clamp on this
tube made it possible to vary this nortocaval shunt. «With the animal supine,
polystyrene microspheres 12-35/p in diameter, diluted 20 fold with
hepariniscd blood, were infused from a height of 15 cm above the nmid chest
level into the left pulmonary artery after tightening the snare around the
catheter (sec Figurc 1). DBlockage of the terminal arterial bed was considered

complete when the pressure in the infusion catheter (monitored from a side
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arm), fcll less than 0.5 cm Hzo/scc wvhen the tubing ffom the infusion flask
was occludeds The snare was then releascd, and mcan pulconary aterial pressure
(Pa) was recorded.

During the three hour hypoxic period which followed embolisation, both
the end tidal 02 tension and aorto-caval shunt flow were adjusted to obtain
maxinun elevation of pulmonary arterial pressure. Arterial 02 and 002 tensions
and p!l were obtained with appropriate clectrodes (iladiometer types 5044, 5036
and 5021 respectively) et 15-30 npinute intervals. lletabolic acidosis was

controlled by intravenous administration of sufficient 1.00 NallCO, to keep

3
artcrial p!ll above 73+ After three hours of hypoxia, the animals were
sacrificed with 50-50 mg/kg pentobarbital injected intravenously, followed
irmedintely by 5 ml of India ink to indicate which areas of the lung were

still perfuseds, ith the airway pressure held at 20 ecm H, O, clanps were

2
placed on the lung apex and anterior and posterior scgments of lower lobes of
both lungs so that biopsies of about 3 cm in diameter could be formalin fixed
in the inflated state, I%p sections were cut and stained with haenatoxylin

and cosine

izstimation of oedeta

Since wet to «dry lung weight ratios and lung density were not signific-
antly different in test and control lungs, a histological assessment of
oedena was therefore made. The l%u scctions of lung were scanned, and for
cach vessol (arterics and veins) whosc ahortest diameter (external to the
wall) exceeded 159p the vesscl arca and perivascular cuff area werc calculated,
assuning both to be circéilar with diocmeter cqual to the wininum observed
diamcter. Vessels cut so obliquely that the ratio of long to short diamcter
exceeded three <ere excluded, as werc vessels in atelectatic areas. The
vesscl and cuff arcas were totalled for ecach section and the total cuff area
was cxpressed as a percentage of the vessel arca.

The experiments consisted of one test group and two control groupse

In Group I, the experimental group, embolisation of the left



lung was follo.wed by three hours of hypoxic hypertenkion. Control
Group II was also unilaterally cmbolised, but was ventilated with
oxygen and was normotensive for three hourse Control Group III was
made hypoxic and hypertensive btut without embolisations Tho left lung
was protected ageinst pulmonury hypertension by partial or total
occlusion of its pulwonary artery by mcans of the nylon snarce 1Those
cinerinents where India inic demonsirated cither incomplete embolisation
of the left lung, or incouplete perfusion of the right (due to presence
of excess e.boli refluxed frum the left pulnonary artery) were

discerdeds Only the successful experiments are reported here.

Group I

In the six enbolisedy hypertensive dogs, microsphere obstruc-
tion of the terminal left pulrmonary arterial bed elevated mean pulmonary
arteriul pressure 3-5 rm ilge Jhen hypoxia was induced, pulnonary
arterial pressure rose =17 wm g within five minutes. The acorto-caval
shunt was then opened and adjusted together with the inspired O2
tension to obtain maximun elevation of the pulmonary arterial pressure.
This maxirnum level tended to fall gradually with time, so that during
the three hour hypoxic period mean pulmonary arterial pressure was
30-6C im llge Mean maximal left atrial pressure remained betwech 6-8
ison] Hgﬂrk rm ilg was the average)e Systemic arterial pressure fell with
high shunt flow but was always above a systolic pressure of 80 mm lig.
An arterial oxygen tension of about 30 mm llg was found to be most

effective in elevating pudmonary arterial pressures



In the animals rerorted hcro, pulmonary oedema fluid was
found neither in the airwvays nor in the alveoli vhen the lung tissue
was examined histolégically. In contrast; thoge discarded experiments
in which emboli had refluxed from the left lung into the right showed
profuse airway and alveolar oedcmas Perivascular oedema cuffs were
found both in the right (perfused) lungs and left (non-perfused)
lungse. Figure 2 illustrates an artery filled with India ink in a
section from the right lung. . small perivascular fluid cuff has formed
round this arterye In the embelised left lung the aren of the peri-
vascular cuffs was greater than in the control right lung, (P<< 0.02
student's paired t test), in spite of abssnce of capillary flow. Non=-
perfusion of capillaries in the left lung thus failed to 'protect!
from ocdema formations. Figures 3 and 4 are photomicrographs of an
artery and vein from the left lung, the artery showiny enboli in its
lumen and both vessels showing large ocdema cuffse Some of the micro-
spheres appecar to have been scattered through the lung by the microtome.
Average cuff arcas are given in Table III for the six experirents in
Group I. Therc was no consistent difference between apical and lower
lobes oxcept that lower lobes had rorc atalectasise One of the high
.;ltitude native dogs brought from Leadville .(experinent 27) showed
the largest cuffs. These dogs were studied about two weeks after their
arrival at sea level,

Group 11

In four dogs the effect of polystyrenc microspheres per se

was determined, in the absence of hypoxia or pulmonary arterial hyper-

tension. Oxygen tension was held above 200 mm Hg during the thrce



section of the right lung showing an artery with ocdena
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Thae India ink in the vessel lumen demonatrated

that blood was flowing through the lunge

fluid cuffing.



Fige3 12 u sedtion showing an artery in the left lung, (Group I),
microspheres in the lumen, and a perivascular cuff of
oedena fluid.

Figeh 12 p section showing ocdema fluid cuffing round a vein in
the left lung (Group I).



Group 1 Hypoxic hypertensive

LEFT LUNG

Embolized

TABLE 111

"CUFF AREA, % OF VESSEL AREA

Expt.no. Apex L.Ante. L.Post.

10 7h 48
12 - 59
14 48 20
22 77 Ll
26* 73 56
27* 112 159

Atel.

80
41
68
27
78

65
72
33
6k
52
98

6432254

22
62
53
48
23
36

RIGHT .LUNG

Non-embolized

Apex  L.Ant.  L.Post. MEAN n
- 40 32 39 11

- 38 26 30 4s
34 19 72 48 3h
22 32 Atel. 30 14
55 43 Atel. 48 16
68 49 53 55 23

42210sd

Group I experiments. Mean perivascular cuff “area expressed as a percentage of vessel area, in
experiments where there was unilateral embolisation, three hours hypoxia with pulmonary
hypertension. *Dogs native to altitude (10,500 ft.).

- G2 -
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hour period, and no aorto-caval shunt was usedes In one experiment
(No.25, Table IV) embolisation was associated with significant peri-
vascular cedcnae In this early experiment the blood/microsphere
mixture was introduced by syringe, with intermittent monitoring of back
pressure, while in subsequent experiments the mixture was infused at

o constant pressurce It may be that the pulmonary artery pressure wvas
transiently clevated sufficient to give rise to the perivascular
oedenas Scome degrec of cuffing was found in all the non-embolised
lungs, but this may be the normal situation. Figure 5 illustrates the
histological appearance of an artery with minimal cuffing. Both the
perfused and embolised lungs of Group I had significantly more oedema
than the comrparable lungs of the norrmotensive controls of Group 11
(r < .001 and { .002 respectively by unpaired t test).

Group 1II

In six dogs hypoxia was introduced in the absence of uni-
lateral cmbolisation. Instead, an attempt was made to maintain the
left pulmonary arterial pressure low by tightening tho snare around
the left artery while hyfertension was induced by hypozia and arterio-
venous shuntinge In three of the experiments the snare was tightened
such that thce artery was occluded and in the other three, the left
pulronary arterial pressure was held in the normal range by partial
occlusion, though the procedure was never completely dependables In
all six experiments some perivascular cuffing was observed (Table V).
llowever, cuffing was greater by 225 in the right lung, continuously
exposed to hypertension (P<:0.15 with paired t test on the two lungs

in ecach .animral, and <’ 0.005 by unpaired t test)s The mean cuff area
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ion or hypoxia in the left lung (Group II).

nminimal perivascular cuffing under these control conditionas.
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Group 11 Normoxic normotensive

LEFT LUNG

Embolized

TABLE IV
CUFF_AREA, % OF VESSEL AREA

Expt.no. Apex L.Ant. L.Post.

23 - -
24 - -
25 - -
28 23 22

31 No Emboli

Group II, control experiments.

10

60
42

Unilateral embolisation followed by

10

8
60
29

26224sd

and normal pulmonary arterial pressure.

31
18

21

Apex

17
10
15
18

RIGHT LUNG

Non-embolized

L.Ant. LQPOSto

9 34
30 5
1k 16

MEAN

15
18
19
18
17%2sd

23

three hours of hyperoxia

73
58
71

70

-gz-



TABLE V

CUFF AREA, % OF VESSEL AREA

Group 1ll1 - Hypoxic Non-Embolized

Normotensive
Expt.no. Apex LoAl'lto L.POSt. MEAN
29 29.1 37.2 11.4 25.9
33 60.0 5242 26.6 L6.3
36 23.9 55.2 32.1 37.3
37 19.5 25.0 38.5 277
38 23,3 13.2 48,4 28.3
39 353 18.9 26.5 26.9

3228sd

24
37
25
21

24

30

Apex

63.9
43,2
31.1
46.6
106.1

5243

L.Ant.

bb,2
68.2
58.1
97.1
69.7
3049

Hypertensive

L.Post. MEAN
33.1 L6.7
61.2 66.8
38.8 L2.7
29.1 577
66.2 80.7
13.5 32.3

54217sd

Group III experiments. The left pulmonary artery was snared to maintain its pressure at normal

level. Right pulmonary arterial pressure was more than 30 mm Hg for the 3 hours of

hypoxia. There was no embolisation.

25
25
27
39
31

- 62 -~



of 32 in the 'normotensive! side vas significantly greater than &n

thel7;. of the Group II controls (P<j .002).

NDISCUSSION

Linitations of the exnerinontanl model

The pulronary pressor response to hypoxia of dogs has been
noted by Viswanathan ot al (1969) to be rather weake One of the high
altitude dogs used in this rceries was one of the nost responsive to
the stirmulus of hypoxia but no such elevation of I'a pressure conparable
to Hultoren et 2l's mean pressure of over 100 cm llg was achieveds The
polystyrene nicrospheres may have injured the endothelium at their
impiaction sites and thus induced some fluid leakage, particularly when
upstreon pressure was clevated. Although lung biopsies were fixed in
the inflated state, they undoubtedly underwvent shrinlzage in the formalin
fixation processes In taking cuff to vessel arca ratios it vas assumed
that the shrinkage in the tissue would be uniform so that the two arcas,
though underestimated, could be comparecds Une of a number of questions
arising from the study was the ragnitude of the normzl cuff to vessel
arca ratio. This point will be discusced in the light of a subscquent
series of isolated lung experinents described in the next chapter.

Origin of perivascular cuffs. The presence of fluid in periarterial

spaces constitutes no evidence for an arterial origin because of the
rapid free movenent of fluid in the interstitial space. Therefore,
perivascular fluid cuffing ecen enly be za sign of early pulmonary oecdenas
However, in lungs having no capillary fldv, but exposed to clevated

pulmonary arterial pressure, the resulting perivascular oedema may have



been caused by transarterial leakage. Supporting this suggestion is
the finding in Group I that, after three hours of hypoxic hypertension,
perivascular cuffs were larger on the non-perfused side than on the
perfused sides The most likely explanation being that in the embolised
lungs the elevated pulmonary arteriasl pressure was transmitted down to
the embolisation site, undiminished by flow resistance. The mechanisn
of transarterial leakage that might be postulated from the results in
this study is that pulnonary hypertension distends the medium and large
arteries sufficiently to ceuse discrete and randomly distributed
leckage sitese The transudation may vary from almost protein-frec
water tovhole blood, depending upon the size of the disruption.

Distensibility of pulmonary arteries. The proposed hypothesis is

that pulmonary hypotension distends the medium and large arteries
sufficiently to causc them to leake That these vessels are highly dis-
tnnsible has been rccently established by Maloney & Castle (1970) in
frog lungs where arteries SOO-AOOIp diameter were shown to enlarge
radially about 2% per cno nzo transmural pressure rise, over the range
of 1-27 cm uzo. There is evidence supporting a paradoxical distension
of pulmonary arteries in hypoxic vasoconstriction (Alzamora-Castro et
al, 1961; Arias Stella and He Kruger, 1963; Fred et al, 1962;

Hultgren et al, 1962; Roy et al, 1967) although Sackner & Dubois (1965)
place the hypoxia induced volume increase in either capillaries or

veins,

Hypothesis linking arterial leakage to hyaline mambrane formation.

Arins Stella and Kruger (1963) showed hyaline membranes in autopsied



cases of pulronary ocdena of altitude. HRespiratory distress syndrone
of the newborn is associated with pulnonary hypertension, arteriolar
obstruction and norrmal venous rorphology (Lauveryns, 1968). The
possibility should be considered that the protein seen in the alveoli
leaked through arterial walls, filled the interstitial space and then
flowed to the alveoli, where exposure to eir denatured and precipitated
the protein, and where the normnl capillary pressure peraitted the

water to be recabsorbed,
Conclusion

Pulnonary perivascular ocdena cuffs occur in lungs which have
no capillary blood flow and normal capillary pressure, when the
pulmonary arterial pressure is clevated following embolisation of the
capillary bed with polystyrene nicrospheres. Similar oedema occurs in
the lungs with no embolisation but pulmonary hypertension. The results
are coapatible with the hypothesis that a site of vasculaf lecekage, in
hypoxic ocdema is the arteriolar wall., This study is not conclusive
however, because it is possible that the transarterial leakage on the
embolised side may have been partly duc to damage by the microspheres.
Howevery the minimal ocdema scen when lungs were embolised in the
absence of hypoxia and pulmonary hypertension diminishes the dircct effect

of the microsphercs and supports the transarterial leankage hypothesis.

The next chapter describes a more detailed study, using an

isolated dog lung, of the possible role of arterioles and venules in



the development of oedema both during hypoxia and noriroxias In the
greater proportion of the experiments, the larger vessels are again
functionally scparated from thecaapillaries, but by a ncthod less
hazardous than cmbolisation of the microcirculations The experiments
which are described will be secn to lend support to the hypothesis
that artetioles make a significant contribution to tihe development of

hypoxic pulmonary ovedema.



CHAPTI. TIX

LXTRA=-ALVEOLAR VESSLLS AND CZDildiaA DLEVELOPMiNT IN ISOLATLD DOG

LUNGS BOTH DURING NOIMOXIA AND HYPOXIA

This chapter describes a wider investigation of pulmonary
vascular permeabilitys In addition to a rmore detailed study of the
role of arterioles in oedema formation, the experiments have been
designed to make a comparison between the arterial, capillary and
venous compartments and their separate contritutions to the
developmient of pulmonary oedema in normoxia and hypoxia. Desides
studying thec sites of fluid transudation into the interstitial space,
I have dectermined the ceffects of varying vascular and alveolar
pressure independently on the rate of oedemna development. listology
and countinuous weighing of the lung afforded information on the
origin of the oedena fluid, its rate of formation and its sequence
of accunulatione The greater proportion of the experiments arc in a
static "no flow" situation in which the capillarics (intra-alveolar)
vessdds) can be functionally separated from the rest of the pulmonary

vasculature (extra-alvcolar vessecls).

The presence of two types of pulrmonary vesscls: intra-
alveolar and extra-alveolar, was first shown by Macklin in 1946, using
burettes filled with a Latex suspension to separate large from small
vessels. Similarly, Howell and his colleagues (1961) used Kerosene

instead of latex to study changes in vascular volume of the larger



vessels with lung inflations At high transpulconary pressures the
volume of the compartment made up of larger vessels expanded, while
that of snall vessels collapsedes This concept of two types of vessels
is therefore functional rather than riorphological and the junction
between the two has not been experimentally defined. lHowever, Riley
(1959) proposed that the expanded compartment (extra-alveolar vessels)
includes all arteries and veins, down to vessecls in the alveolar septal
junctions, whereas the compresscd compartment (intra-alveolar vesscls)
consists of vessels in the alveolar septa. llow the functional
scparation of intra and extra-alveolar vessels can be brought about

in an isolated lung is described below,.

The isolated lung preparation zllows the various pressures
affecting the pulmonary circulation to be varied independently and over
a large rangee wJest ot al (1964) have described how the distribution
of blood flow in the vertical isolated lung is affected by arterial,
venou:..and alveolar pressurcs A suzmary is shown in the diagrem in
figure Ge Zonec I is the situation mentioned in the previous paragraph
whereby intra-ayleolar vessels can be functionally separated from the
extra-alveolar vessclse. .JJhen alveolar pressurc is greater than arterial

pressure then the intra-alveolar vessels, which are directly exposed
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Diagram to show how the distribution of blood flow in
the vertical isolated lung is affected by arterial,
venous and alveolar pressurees In Zone I alveolar
pressure exceeds arterial and venous pressures and
there is no: flow because the intra~alveolar vessecls
arc collapscde In Zone II arterial pressure exceeds alveolar
pressure which in turn exceecds venous pressure. The
vessels behave like Starling resistors and flow is
determined by the arterial-alveolar pressure differencee.
In Zone III venous pressure cxceeds alveolar pressure
and flow is detcermined by the arterial-~vcnous pressure
differences At low lung volunes there is a Zone IV in
which interstitial pressure may excced the venous
pressure, such that flow is determined by the arterial-
interstitial pressure difference.
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to alveolar pressurc, are collapsed and there is therecfore no flow.
The extra-alveolar vesscls, which are not directly exposed to alveolar
pressure, remain held open by the expanded lung parenchyma. Zéne I
experinents described in this chapter were designed to study the con-
tribution of extra-alveolar vessels to interstitial oedema fluid
accurulation in the lunge

In Zone II arterial pressure exceeds alveolar, but alveolar
pressure exceeds venous pressures Flow is determined by the difference
between arterial and alvecolar pressures In Zone III venous pressure
is greater than alveolar pressure and flow is determined by the arterial-
venous pressure gradient. liore recently a fourth zone of reduced blood
flow in the most dependent region of the lung has been demonstrated by
Hughes et al (1968) at medium and low lung volumes. Hughes suggested
that flow in this region might be determined by the difference between
arterial and interstitial pressure surrounding the extra-alveolar
vessels rather than the arterial-venous difference.

Measurecnents of the distribution of blood flow in the lung
using radioactive co, (Vest & Dollery, 1960) and xenon 133 (West ot al,
1964) confirm that blood flow falls off rapidly towards the top of the
lung and that the apex may be underperfused during testing conditions.
Also, at low lung volumes or situations of raised interstitial pressure
as in interstitial oecdenma, there is a basal region of reduced blood
flow (ilughes et al, 1968). When pulmonary arterial pressure is raised
above the top of the lung, as in exercise and horizontal posture, the
lungs become completely perfuseds This would also be the case in

pulmonary hypertension whether caused by hypoxia or left heart failure,



but these two conditions also result in pulmonary ocdema and hence an
increased area of reduced basal blood flow or Zone IVe In sumnary the
proportion of the lung in a particular Zone can be altered by the
vascular egnd transpulmonary pressures and this is further complicated
by the pulsatile nature of the pulmonary blood flow.

In this series of experiments the conditions have been
simplifienl by using a lung in the horizontal position where vertical
height was ninimal so that hydrostatic effects were unimportant and the
lung could thus approximate to a single horizontal unit. Interstitial
oedena development was studied in lungs under conditions of Zones I,

II and III, both during nornoxia and hypoxiae

HETHODS

Isolated greyhound lungs were used in the horizontal position.
By varying thec felationships betwveen alveolar, arterial and venous
pressures, the lungs were studied in Zone I Zone II and Zone III con-
ditions, as defined in the introduction to this chapter,

Greyhound dogs weighing between 20-32 kg were anaesthetised
by intravenous injection of sodium thiopental (20 mg/kg body weight)
and heparinised (2,000 I.U./kg)e Thec left lung was rapidly removed
after death by exsanguination and glass cannulas tied into the artery,
bronchus and left atrium, Sixty lungs were studied whose weights on
excision varied butween 83-159 g After the initial weighing, the
lung was supported horizontally in a perspex box and placed on a
balance (Gallenkamp Model 7), as showyn in Figure 7, so that it could

be weighed throughout the experiment to assess ocdema development. All
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Diagram to show the lung placed horizontally in a perspex box
with arterial (a), bronchial (B) and venous (v) cannulas
protruding from the front of the boxe.
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conncctions to the box were of soft Penrose drain tubing, so that
maximun flexibility allowed the balanee to swing freely during weighinge
Lxpansion of the lung was by positive pressure inflation with cither
air or nitrogen. A water manozmoter was used to measure the inflation
pressure relative to pleural pressure which was atrospheric.

In the flow experiments the lung was perfused vith autologous
blood at 37°C by mecans of a roller pump, which also varied the flow
rate and in flow pressurce The pump pulsations were damped out and
the steady blood flow passed through a filter and heating column before
nntering the pulmonary arterial cannula. Blood leaving the lung flowed
into a venous reservoir and, by adjusting its height, the venous
pressure could be varieds Saline manometers were used to nicasure
arterial and venous pressures relative to the dependent part of the
lung. Blood flow was measured by collecting timed samples in a
measuring cylinder. In the hypoxia experiments pulmonary venous oxygen
tension was measured using an oxygen electrode (Radiometer type 5044).

In the Zone I experiments in which the .permecability of the
extra-nlveolar vessels was studied, Evans blue dye mixed with blood wag
used to mark the passage of fluid from the intra-vascular to the extra-
vasdulpr compartment. The dye concentration (0.6}.) excceded that which
would all be bound to serém albumen (Courtice & Simmonds, 1949) so that
free dye would pass with water into the interstitial spaces That the
dye is inert per se has been shown by Courtice et al (1949).

Ench experiment lasted at least two hours during which serial
lung weighings and biopsies were takens The biopsies were carcfully

clamped to prevent deflation on excision and frozen, thus preserving
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the state of interstitial oedema in the lung by arresting any further
chahange of fluid between the vascular and interstitial compartments.
The method of freezing was to plunge the biopsy into liquid nitrogen
(-195.8°C), using small amounts of tissue (2-3 g) so that freezing
was very rapid and therefore shrinkage minimales In three expericents,
in which tissue close to the surface was required, Freon 12 cooled to
-155°C with liquid nitrogen was useds This freezing agent, though not
s0 cold, 'wets'! the lung surface better than liquid nitrogen and will
therefore freeze more rapidly. Staub & Storey (19562) have shown that
the outer 4 rm of tissue freezes without shrinkages TIrom cach biopsy
a block of tissue was taken for frecze-drying end another for cryotomye.
These blocks (approximately 5 mm thick x 8 rm x 5 rm) were cut from
the biopsy using a bandsawe The tissue was never kept out of liquid
nitrogen long enough for it to thaw.

Freeze-drying, scctioning and staining

Three blocks of tissue were freeze-dried together (Pearse-
Speedivac freeze-dryer, Edwards High Vacuum Ltd.) for twenty-four hours
at a temperature of -20°C and pressure of 0,001 rm Hge The blocks
were then double-embedded in 25 celloidin and Paraffin wax (Ralwvax 1,
R.A. Lamb Co.)e Sections GAp thick were cut on a Cambridge rocking
microtorics Where thin sections (2’p) were required, a spccially
sharpened razor blade was used instead: of the standard microtome knife
and a technique described by Wigglesworth (1959)e The 6‘p sections wvere
stained with haematoxylin and eosin and the zlp sections with PeAeSe

and Orgnge G.



Crxotomx

The lung tissue was placed in a drop of water on an aluninium
mounting block and f-ozen to it by gently lowering it into liquid
nifrogens 3Since lung tissue is too friable to obtain cven relatively
thick secctions on the cryostat, the surface of the block left after
cach 20‘p cut vas observed insteads. For this a Nikon binocular
nicroscope held in a metal frane was nounted onto the front of the
cryostate Cellophane paper secured across the frame kept the cryostat
closed, maintaining an intcrnal teuperature of less thean —10°C. but at
the same time allowing illumination of the block of tissue with photo
flood lightings A zoox lens in the microscope gave magnifications up
to forty times and exact dimensions of blood vessels and airways were
measured using a precalibrated graticule in one eyepicces A canera
(Nikon, liicroflex Pe.F.)Ms) mounted on another eyepiecce allowed photographs
to be taken to record fields or individual vessels as the tissue was
scctioned. Kodachrome II colour film (KPA 135-36P) was used.

Estimation of oecdema ond site of fluid transudation into the interstitial

s5pace

Continuous weighing of the lung was the method of estimating
overall fluid accurulatfon in the interstitial spaces Since the biopsies
were serial, the tice of the first appecarance of fluid cuffing could
be ascertained for cach experinment and the corresponding lung weight
gains Doth the scctions from freeze-dried tissuo and the cryostat
tissue were used to calculate vessol and fluid cuff areas from measure-
nents of vessel diameters and their corresponding perivascular cuffse

As described in the previous chapter, the cuff areas were expepssod as



- 45 -

a percentage of the vessel arcase. Turther, these ratios wvere compared
for vessels of diamecters ranging from SO/p to over SOO/u. In experi-
rients vhere dye vas mixed with the blood to estimate the size range of
permcable vessels, mcasuremants of diameters werc made in vessels in
vhich dye was present sirmltancously in the lumen, wall and peri-

vascular fluid cuff,

EXPERIMEZNTAL CONDITIONS

Zone 1 experiments (36 lungs)

In all experiments alveolar pressurce exceeded arterial and
venous pressures and intra-alveolar vessels were therefore collapscd.
Surface tension forces which tend to hold these vessels open were
taken into asccount when the alveolar and vascular pressures were chosene
Pain and ‘/est (1966) have shown that in the deflation state, pulmonary
blood flow occurred up to 4.0 cm above the point at which arterial
pressure equals alveolar pressures It rose higher in the inflation
state and the difference was attributed to the perivascular pressure
of intra-alveolar vessels being altered by changes in the surface
tension of the alveoler lining layere On the basis of these findings,
blood flow under Zone I conditions was avoided by studying the lungs
in the deflation state and with the alveolar pressure alweys exceeding
the vascular pressures by at least 5 em nzo. The extra-alveolar vessels
were held open by the expanded lung parenchyma and were therefore
filled with blood.

Threo groups of cxperiments were carried out to investigate

the contribution of the extta-alveolar vessels alone to oedema formation
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both in nornmoxia and hypoxiae. In Group I (24 lungs) the arterial and
venous pressures were equal and, by combining different transpulmonoary
pressures with & variety of vascular pressures, their roles in the
formation of ocdema were studied. In Group II (6 lungs) the separate
contribution of extra-alveolar artcries was studied by raising arterial
pressure to 20 cm nzo while venous pressure renained below the level of
the lunge Similarly in Group III (6 lungs) the extra-alveolar venous
contribution was assessed by raising venous pressure to 20 ca H20

while arterial pressure remained lowe Lvans blue dye was not neccessary
to detcrmine whether extra-alveolar vessels were permcable, and there-
forc contributing te interstitial fluid accumulation, because the
presence of perivascular oedema vhen intraealveolar vessels were
collapsed would in itself show that the fluid had originated from extra-
alveolar vessels. However, dye was mixed with the blood in all Zonec I
experinents to investigate the size range of permeable extra-alvcolar
vessels, and it was also useful in determining the extent of extra-
alveolar vessels and checking that the intra-alvecolar vessels were
indeed collapscd (by absence of dye)s. This was also checked by
histologically counting the number of red cells present per 1oa‘p of
alveolar septun in the 2 R thick lung sections, as described by
Glazier et al (1969), who showed a correlation between the number of
red cells and the capillary pressure at different levels in the lung.

Zone I1 experiments (10 lungs)

There vere two groups of experiments under Zone II conditions:
one with forward flow through the lung (artery to vein, six lungs) and

the other with rotrograde flow (veins to artery, four lungs)e In both
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wWas

groups the inflow prcssure,/ﬂo cm H_ O and the outflow pressure wvas

2
below the lunge In the five normoxic experiments initial flow varied
between 80 to 150 ml/min witdyt no significant difference between
forward and retrograde flowe. In the five hypoxia experiments for the
sane inflow pressure (20 cm Hzo)forward flows were 210-305 ml/nin
initially and tlte two initial retrograde flows were 156 and 132 nl/

min respectively.

Zone II11 experimants (14 lunas)

In these experiments arterial pressure was set around 20
cn HZO above the lung and then venous pressurc was raised until a
nininuo arterial-venous difference was obtaineds The pressures vwere
then set to give & mean of 20 cm nao, which was maintained throughout
the experiments by small adjustments of flow when necessarye. [Flow
varied between 60-90 ml/min in the five normoxia experiments and 62-
84 nl/min in the threec hypoxia experimentss Three normoxic and three
hypoxic experiments were also carried out under static conditions,
with the whole vascular bed filled and arterial and venous pressures
both at 20 en H20. They will be referred to as "Static Zone III
experiments”, Alveolar pressure in all fourteen experinents was

10 cm 1, 0.

RESULTS

Zone I experiments

Two hours was found to be a convenient experimental period
because interstitial ocdema developed, but at the same time the inter-

stitial compartment was not cocpletely filled becausc alveolar oedema



was found to be alisent, For this reason, the total weight gain after
two hours was choscn for comparisons between lungse. In the sixty
experimeonts, three normoxic Zone II lungs (flow artery to veins) did
not develop interstitial ocdema in two hours and three hypoxic "Static
Zone III" lungs deveoloped alveolar oedema by two hours. Results from
this study and unpubliched data from other isolated lung experiments
in this laboratory have shown that a gain of more than 350 of the
original weight on excision is required before alveolar ocdeaa is
evident, Isolated lungs were weighed on excision and again at the ond
of the experiment, in both instances with the vascular compartuent
drained, so that the weight gain represents extra-vascular fluide I
have expressed weight gain as a percentage of the original weight on
excision in order to take differences in lung size into accounte. For
exariple in identical experimental conditions, one would expect a large
lung to gain rmore weight in a given time than a small onc and this can
be seen in Tables VI and VII,

Group It equal vascular pressures

In a variety of vascular and alveolar pressure combinations,
the separate effects of vascular and alveolar pressure on the development
of oedema were studiede. Figure 8 illustrates how the rate of weight
gain varied with the level of cqual arterial and venous pressurcs.

Each line represents one experinent and initial lung wveights were
similar (101-105 g)e Figure 9 shows data from twenty experiments to
indicate the vauscular ecffect. [LEqual arterial and venous pressures are
plotted against the total weight gain over two hours, expressed as a

percentage of the original lung weight on cxcision. Alveolar pressures
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Fiq.B The weight gain is plotted at intervals during
the two hour experimental periods Lach line
represents onc experiment at the equal arterial
and venous pressurcs labelled. Alveolar
pressures varied between 17=-30 cm HZO.



% WEIGHT
GAIN

20 —

h}l——.

I ]
10 20

o

VASCULAR PRESSURES (cms. H20)

Fige9

Vascular pressurcs plotted against the total
weight gain over two hours, cxpressed as a
percentage of the original!éung weight.
Alveolar pressures varied between 5-30 cm H20.



20 .

% WE|GHT .

GAIN

Fig.10

0 10 20
ALVEOLAR ~ PRESSURE (cms. H

Alveolar pressures plotted against percent weight gaine.

2

30
0)

Vascular

pressures variod between 0-20 cnm H_Oe. Horizontal lincs show the

2
levels of vascular pressures.




variecd between 5-30 cm nzo. There was a linear relationship between
vascular prescsure and the rate of oedema formation. Figure 10 is a
graph of percentage weight gain from the same experiments but this time
plotted aginst alveolar pressure. Vaseular pressures varicd between
0-20 cnm H20 as shown by the horizontal lines. For the same vascular

pressure, the alveolar pressurc does not seem to have an effect on

the rate of oedenma formatione

Group LI (v‘1 = 20 cn uz‘g) and Group III (l’v = 20 cn ”:_»9)
In Figure 11 the rates of weight gain are shown for nornoxia
experiments wvhere only cither arterial pressure or venous pregsure was
raiscd to 20 cm H20 above the lunge Also plotted for comparison is an
experiment where both arterial and venous pressures wvere 20 cx uzo, and
finally, the top curve is an example of a "Static <Zone IIIM experiment
(where the whole vascular bed was filled, including capillaries).
Initial lung weights varied between 102-109 ge Tables VI and VII show
the serial weight gains in the <Zone I and Static Zone III experiments
respectively. Figure 12 and Tables VIII and IX show the corresponding
data from the hypoxia experimonts. Note how the rate of weight gain
has been increased by hypoxia in all the experimental conditions execept
that of a raised venous pressure onlye. Within the two hour experimental
period platezuing of the weight gain was not evident in the rmjority
of experiments, indicating that leakage from onc segment of the
vasculature did not to any extent seem to influence the rate of leak-
age fron other scgments. On this basis, therefore, the last column in

Tables VI, VII, VIII and IX represents the possible relative contribu-

t9on of each of the threec coupartments to weight gain, the Stotic Zone
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Tho woight gain is plotted at intepvals during the 2 hour experimental
periodes tach line represents one experiment at the vascular pressurces
indicatede The top curve is a "Static Zono III" experiment, where
capillaries as well as extra-alveolar vessels were filled, and alveolar
pressure was 10 cm H_0. The other three experiments were under Zone I
conditicns, with alveoler pressure at 25 cm Hzo.
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NORMOXTIA

TABLEVI

ZONE I EXPERIMENTS

Lung weight (gm)

Vascular pressures P alvcolar Initially +3hre +lhr. +lihr. +2hr. Total wte. gain Mean wt. gain Relative %
(cm Hzo) (cm Hzo) (% of initial)

25 123 127 134 141 146 18.7

P arterial = 20 25 131 136 140 146 152 16.0
18.0 63.0

P venous = 20 25 115 121 125 131 138 20.0

25 *104 111 116 120 122 17.3

25 156 156 158 160 162 3.8
P arterial = 20 '

25 *102 102 104 106 107 4.9 4,6 16.1
P venous = =20 )

25 98 98 99 101 103 5.1

25 *103 107 112 114 115 11.6
P arterial = -20

25 138 144 149 153 158 1h.5 13.1 46.0
P venous = 20

25 113 116 120 123 128 13.3

*Plotted in fig. 11

. The last column shows the rclative contribution of all extra-alvcolar vessels, and separate

contributions of extra-alveolar arteries and veins to interstitial fluid accumulation.
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TABLE VII ~

STATIC ZONE III EXPERIMENTS

NORMOXTIA

Lung weight (gm)

Vascular pressures P alveolar Initially +3hr. +lhr. +l%hr. +2hr.  Total wt. gain Mean wt. gain Relative %
(cm H20) (cm HZO) (% of initial)
10 *109 121 128 136 141 29.4
Pa, Py Pc = 20 10 135 148 154 161 169 25.2 28.5 100.0
10 93 100 106 110 116 24.8

Results from three "Static Zone IXI" experiments. The
final column shows 100% because the whole vascular bed
was filled, thus allowing both extra-alveolar and intra-
alveolar vessels to contribute to oedema formation.

*Plotted in fig. 11 .
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HYPOXIA
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Figse12 The weight gain is plotted at intervals, during
the two hour experimental period of hypoxic.
Lach line represents one experiment at tho
vascular pressures indicateds The top curve is
a "Statiec Zone III" experiment, where capillaries
as well as extra-alveolar vessels were filled,
and alveolar pressure was 10 cm H,_Os. The other
threeo exporiments were under Zone I conditions,

with alveolar pressure at 25 cm Hzo.



HYPOXTIA

TABLE VIII

ZONE I EXPLERIMENTS

Lung weight (gm)

Vascular pressures P alveolar Initially +3hr. +1hr. +13hr. +2hr. Total wt. gain Mean wt. gain Relative %
(cm HZO) (cm HZO) (% of initial)
25 *107 118 125 131 135 26.2
Pa, P =20 25 94 100 104 108 113 20.2 24,8 63.6
25 122 130 139 149 156‘ 27.9
25 ° *111 112 120 121 122 9.8
P arterial = 20 ’
25 126 130 133 138 141 11.9 10.4 26.7
P venous = =20
25 116 119 122 124 127 9.5
25 *102 106 112 1153 114 12.8
P arterial = =20
25 92 94 97 102 106 15.2 13.8 3500
P venous = 20
25 134 139 143 147 152 13.%

*Plotted in fig. 12 ,

- The final column shows the relative contributions of
all extra-alveolar vesscls, extra-alveolar arteries

and extra-alveolar veins to interstitial fluid
accumulation. '
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HYPOXIA

TABLE IX

STATIC ZONLE IIXI EXPERIMENTS

Lung weight (gm)

Vascular pressures P alveolar Initially +3hre +lhr. +lihr. +2hr. Total wte. gain Mean wt. gain Relative %
(cm H20) fem H20) (% of initial)
10 *109 124 139 149 156 43,1
P,P,P =20 10 120 132 141 152 165 374 39.0 100.0
10

96 105 113 122 132 375

*Plotted in fig. 12 .

Results from three "Static Zone ITII" experiments. All
vessels were filled so that there was a maximum con-
tribution of 100% to oedema formation.

-9g-



111 cxperiments being 100,.. Under these staticy Zone I conditions,
during norroxia extra-alveolar arteries accounted for 16!, of the oecdena
fluid, extra-alveolar veins 406} and the alveolar septal capillaries
38", Similarly, during hypoxia arteries contributed 27., veins 357

and capillaries 3C0..

Zone II and Zone III experiments

Figure 13 illustrates the rates of weight gain during Zone
11 and Zone 111 noruoxic experiments and Table X shows werial and per
cent weight gains. The Zone III per cent weight gain during flowv is
less than in the static situation and that may be becausc the veins
(and possibly some capillaries) were at pressures less than 20 em uzo
during the flow duc to the lilely pressure drop down the vessels.
Also, one would expecct the contribution of arteries plus capillaries
(Zone II) to be greater than for arteries alone (Zone I). Similarly,
the weight gain £iould be greater for veins plus capillaries (Zone II)
than for veins alone (Zone I)e In the Jone III expericents, the
arterial pressure vas higher than 20 cu uzo and venous pressurc lovere.
The a~v difference varied from lung to lung (565~9.0 cnm Hzo) and when
it was lurge, the venous pressure was 16.0 cn uao instead of 20 ¢cm H20.
Fron the <Zone I study onec would expect proportionally less fluid to
pass out fron veins, (during flow this might also involve the pressure
in the capillaries) and therefore total weight gain to be lesse Under
Zone 11 conditions it is possible that some of the fluid which had
left the vessels with an elevated pressure then entered the pericable

vessels on the low pressurc sidee
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Fige1lsk The weight gain is plotted ay intervals during the 2 hour
experimental period of hypoxia.

conditions of raised perfusion.
H, O in all the experiments.
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Fig.13 The weight gain is plotted at intervals during the 2 hour
experimental period.

The <Zone 1II experiment under
Alveolar pressures were 10 cm



e TABLE X

FLOW EXPERIMENTS

NORMOXTIA

Lung weight (gm)

Vascular pressures Initially +3ihr. +lhr. +13hr. +2hr. Total wte. gain Mean % wt. gain
(cm uzo) (% of initial)

149 149 149 150 151 1.3
P arterial = 20

*116 116 116 117 117 : 0.9 1.3
P venous = -2

120 120 121 122 122 1.7
P arterial ='-2 *115 116 123 126 129 12.2

_ 13.2

P venous = 20 84 485 89 93 96 14,3
P = 21.9, P_ = 17.9 89 91 97 105 111 24,7
Pa = 23.0, P = 18.5 135 136 146 152 159 17.8
P =25.0, P = 16.0  *119 121 128 133 140 17.6 20.1
Pa = 20.5, Pv = 17.5 115 117 127 133 141 22,6
P =23.2, P = 16.8 122 123 132 138 144 18.0

*Plotted in fig. 13 .
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TABLE XI

FLOW EXPERIMENTS

HYPOXTIA

Lung weight (gm)

Vascular pressures Initially +%hr. +lhre. +1%hr. +2hr. Total wt. gain Mean %-wte. gain
(em uzo) (% of initial)
*121 126 131 134 138 14.0
P arterial = 20
108 111 113 117 119 10.2 11.6
P venous = =2
9L 96 99 102 104 10.6
P arterial = -2 *113 115 122 124 126 11.5
12.9
P venous = 20 98 100 103 107 112 14.3
Pa = 23.1, Pv = 18.0 *119 12? 135 142 148 2L L
Pa = 22,8, Pv = 16,4 129 138 147 160 169 31.0 29.0
P = 24,0, Pvr= 16,1 101 112 120 127 133 31.6
a

*Plotted in fig. 14 .
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Experimental evidence supporting this hypothesis was obtained
from an experiment in vhich, under Zone I conditions, both arteril and
venous pressures wverce raised to 20 en ”20 above the lung for two hours
and then lowcred to 20 cn nzo helow. The lung weightd (125 gms init8ally
and qained 25 gns in the first two hourse. Only the venous blood had
dye mixed with it and during this tirme dye~-stained fluid in the peri-
venous spaces riigrated to peribronchinl and periarterial spaces, con-
firming the presence of conncections between the perivenous and peri-
bronchial spaces described by !Miller (1911) in dogse ithen the pressures
had been lowered for two hours, the lung had lost 15 gms in weight and
dye=stained fluid entered gmall pericable arteries (previously contain-
ing no dye)e Fluid also re-cntered the veins, but this was not
detectable by presecnce of dye since they had previously been filled
with dye mixed with blood. Ilowever, btoth levels of the arterial and
venous reservoirs were seen to rise, confirming re-entry of fluid from
the interstitial space into the vascudar compartnente.

The rates of weight gain during hypoxia experinents are shown
in Figure 14 and Table XI. Yith an clevated arterial pressure only
(the model for altitude) there was a striking increase in wveight gain
over the two hour experimental period which, if anything,has been under-
estinated beczuse of the venous rcabsorption of ocdema fluid described
in the two previous paragraphss This increased arterial contribution
to ocdema fluid contrasts with the venous contribution during retrograde
flow which was.appnrcntly unchanged by hypoxiaes Its increase may have
been masked by arterial reabsorption, but under Zone 1 conditions too

the weight gain duec to fluid leskage from extra-alveolar veins was



not affected Ly hypoxiae Buring the flow experiments with hypoxia,
venous blood leaving the lung had oxygen tensions varying between
35-%1 rm tge

Pulmonary vascular resistance

Throughout the flow experiments inflow and outflow pressures
were kept constante Changes in pulmonary vascular resistance were
therefore reflected by changes in flowe uvevelopnent of interstitial
ocdema was generally accompanied by a fall in flow rate and therefore
a rise in overall pulmonary vascular resistances The fall in flow
rate did show some corrclation with the amount of weight gained.
During hypoxia initial flows were higher thian those during ncrrmoxia
Wich was a surprising finding since it indicates that overall pulmonary
vascular resistance was lowere Further, vascular resistance scered to
be higher during retrograde flow than forward flow, but the nuzber of
experiments are not sufficicent for this observation to Le significant.
With the development of hypoxic ocdema therc were quite marked fzlls
in flow in thc threce clcvated arterial pressure experiments (210 to
196 ml/min, 284 to 256 rl/min and 305 to 184 ml/min). The two retro=-
grade flow cxperiments showved smaller falls (156 to 143 rl/min and 172

to 166 rl/min).

HISTOLOGY

Zone I experiments

Tissue just under the pleural surface of the three lungs
frozen with Freon 12 was used to test whether the intra-alveolar vessels

were indeed collapsed during Zone I conditionse Scctions 2/u thick
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were examined at x 700 magnification and the number of red cells present
per 1OO‘P alveolar septun was recorded in 15 fields and 40 alvecolar
septa. There was a mean value of 2.8 2 0.04, which is within the range
reported by Glazier et al (1969) for Zone I in vertical isolated lungs.
The sparsity of red cells confirms that the lungs were indeed in Zone

I conditions. Figure 15 shows the histological appearance of a Zone I
lung at x 350 magnification to illustrate this sparsity of red cells

in the alveolar septal capillaries due to compression of the septa by
0) exceeding vascular pressure (10 cm H_O).

2 2
Doth Staub (1962) and Glazier et al (1969) found that, under Zone I

alveolar pressure (25 cm H

conditions, some of the corner vessels at the junction of alveolar
septa contained red cells. In the present study, besides the presence
of red cells in corner vessels as illustrated in Figure 15, dye was
seen in some corner vessels showing they were open. They were there-
fore uninfluenced by the alveolar pressure and could for this reason
be classified as extra-alveolar vessels; a finding consistent with the
Riley model (1959). Figure 16 shows the size distribution of 269
corner vessels containing dye under Zone I conditions, measured at x 700
nagnification. leasurements were limited to vessels less than 20)1
diameter. The mean diameter of corner vessels open is 12.5 He Intra-
alveolar vessels contained no dyec.

llaving shown that intra-alveolar vessels were indeed collapsed
in Zone I, we have confidence that the intra and extra-alveolar vessels
were functionally separated and therefore that the fluid contributing
to oedema development in Zone I lungs will have originated from extra-

alveolar vessels. This finding infers that vessels other than the
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Fig.16 Vessel diancter in microns is plotted against the number of
vessels measured from 2,& sections of lung under Zone I

conditions.
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cxpected intra-alveolar capillaries are permeable and this being so,
they may have a significant role in oedema development in vivo. Before
the specific origin of the fluid in Zone I conditions is discussed,
some general points can be made. Fluid cuffing round the majority of
vessels was first histologically evident vwhen lungs had gained between
4-G5. of their original weight on excision. As one night expect, the
time course of the appearance of perivascular cuffing was related to
the vascular pressures so that high vascular pressures gave rise to
interstitial fluid accurmlation more rapidly than low pressures.
Figure 9 showing the time course of weight gain at different vascular
pressures illustrates this point.

Normal histological appearance

Sections of lung biopsies teken immediately after setting up
the preparation showed that in the normal situation there is an inter-
stitial space of finite size containing, amongst other structures,
lymph vessels, protein elements and small amounts of fluid. Figures
17 and 18 illustrate the normal appearance of an artery and vein
respectively, before the lung has gained any weight from interstitial
fluid accumulation.

Cuff area to lumen area ratios

When, as shown in Figure 19, vessel size is compared with the
ratio of perivascular cuff area to lumen area in normal or 'control!
lungs, the ratio is inversely proportional to vessel size. That is,
larger vessels have proportionally smaller perivascular cuffs than
snall vessels. The proportion of vessels in control lungs with ncasur-

able cuffs is shown, in Figure 20, to increasc with vesscl sizee In
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Fig.18 Gfu scction showing a vein containing blood mixed with dyc.
Again this biopsy was taken as goon as the preparation was

set up. MNotice the minimal perivenous cuffinge
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the presence of a 4-65) weight gain (which arbitrarily marks the
'appearance' of perivascular oecdema) the proportion of vessels with
cuffs increased considerably. For exampley more than twice the number
of vessels 100/u in diameter now have measurable fluid cuffs.
Similarly, in Figure 19 it can be scen that the cuff to lumen area
ratio has increased with a 4-6%. weight gain (appearance). E£ach point
represents the mean ratio calculated from measurements on 21 or nore

u and up to 208 vessels in the

/

50-60 p range. A paired t test on the control and appcarance ratios

vessels in the range greater than 300

at each size range showed the change with weight gain to be a signific-
ant one (P < 0,01 - 0.001)s, The information gained from cuff to luzen
area ratios does not, however, indicate anything specific about the
site of origin of the fluid except that a greater proportion of small
vessels have duffs and that their cuff area is proportionately larger,
both of which are consistent with small (5o/p) extra-alveolar vessels
being more permecable than the large ones. In fact when comparing cuff
to lunen area ratios of arteries and veins separately, the results are
misleading.s With a 4-6% weight gain the mean cuff to lumen area of
100/u arteries is 36%, while that for veins is only 27% (the values
being significantly different, P <: 0.001), giving the impression that
arteries may be more permeable than veinse In the previous section on
weight gains, we showed the reverse to be truej namely veins were
more permecable than arteries since their contribution to weight gain in
two hours was considéenbly greatere The explanation for the larger
area ratios in arteries may be that the parenchymal border of the

peri-arterial space is apparently more looscly attached to the outer
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wall of the vessel than is the casc in veins (von llayek, 1960) and
hence interstitial fluid tends to accumulate initially more round
arteries than veins. This slightly preferential accumulation round
arteries indicated by the area ratios in no way reflects the original
site of origin of the oedema fluid since the peri-arterial and peri-
venous spaces arc continuous (Hiller, 1911)e. This observation has
becn confirmed in the prescnt study and is illustrated by Figures 21
and 22 In both cases dye was mixed with venous blood only. In
Figure 21 dye has passed with fluid from the veins into the perivenous
space, which can just be:seen to join with the peri-arterial spaces
Figure 22 shows anothcr biopsy at a later stage where the dye-stained
perivenous fluid has migrated to the peribronchial and arteriolar
spacese These connections may be extremely important in vivo because
fluid passed out of thc high pressurc arterial side (as in excrcise or
at altitude) can be rcadily rcabsorbed by the low pressure venous side.
Such reabsorption of fluid into the vascular space has been discussed
earlier in the Results section.

lHlistological appearance in the presence of interstitial oedema

The artery in Figure 23 and vein in Figure 24 show obvious
perivascular oedema. Note in both the figures the thin alveolar septa,
emptiod of red cells, confirming collapse of intra-alveolar vess2ls in
Zone I conditions. Surrounding both artery and veins are cuffs of
ocdmma fluid which can only have originated from extra-alveolar vessels,
Both the artery and veins shown in the Figures 23 and 24 are permeable
extra-alveolar vessels as determined by the dye studies discussed in

the next paragraphe Note also the absence of alveolar oedema - a finding
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[Figs23 G/A section showing an artery with perivascular fluid cuffing.

Note the sparsity of red cells in intra-alveolar vesscls
characteristic of <Zone I conditions,
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Fige2: 6 um section showing a number cf veins wvith perivascular cuffs.
1iQect M g
Note the sparsity of red cells in the intra-alveolar vessels
characteristic of «one 1 conditions,
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corrien to all experiments except the three hypoxia "Statio .Zone III",

Dye indication of percicable extra-alveolar vessels

From the weight gain znd histological evidence of interstitial
fluid accumulation during Zone I conditions, we can say that some extra-
alveolar vessels must be permeables To determine the size range of
permeable extra=alveolar arteries and veins, dye wvas nmixed in with the
blood to mark the passage of water and proteins into the interstitinl
spaces The criterion for permeability was presence of dye in the luren,
wall and perivascular space concomi@fantly, and by this criterion
arteries up to 200 B in diameter anl veins up to 750 u diameter vere
found to be permeablee Whereas this was not conclusive evidence of
perrmcability, it might be a good indication because all observed
vessels larger in diemeter than the limits mentioned had unstained
wallse, In such vessels the dye-stained fluid in the perivascular
space would have originated from smaller vessels, and subsequently
migrated towards the hilum. Figures 25 and 26 are photomicrographs of
the surfaces of frozen biopsies in the cryostat showing a permeable
artery of 150/u diameter and permeable vein of 615 o diameter. In the
latter the dye has almost all nigrated into the interstitial space.
Both veescls show dye-stained walls. It is of interest that both
vessels have small branches (arterial, 78/p diameter, and venous, 162}1
diameter) whose contribution to the oedema fluid cuff one would expect
to be highly significant. Indeed the arterial fluid cuff seems to
be largest in the vicinity of the branch. Where large impermeable
vessels have small permeable branches, it is likely that the fluid

from them will flow directly into the interstitial space surrounding






1’'iqe27 G/L scction of Zone I lung showing an artery adjacent to an
airwvay. Tho main artery is not permeable, but its two branches
arce
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Fig.28 6f~ section of Zone 11I lung showing an impermeable vein with
its perizcable Lranch.



the large vessel. Figures 27 and 28 show an impermeable artery and
vein respectively, each having small permeable branches. Figure 27
is a section from a Zone I lung, whereas Figure 28 is from a Zone III
flov experiment in which the venous pressure was elevated. Note the
sparsity of red cells in the alvcolar sopta in Figure 27 and contrast
it with the nugerous red cells in the capillaries in Figure 28,
i xia

The histological appearance during Zone I hypoxic experirccnts
was very sinilar to all the photemicrographs already introduced. One
rajor difference however was the incidence of arteriolar haemarrhage
into the perivascular space which was not once secen in the normoxic
series. The haemorrhage was never alveolar, but confined to the
interstitial space, indicating micrerupture of arterioles. Figure 29
is the surface of a frozen biopsy showing the peri-arteriolar and
peribronchial spaces filled with bloode It is of interest too that
the size range of permeable arteries, as judged by the criterion
previously mentioned, was increased by hypoxia and the largsest
permeable artery scen was 620/u in diameters

Flow expekiments - Zone II

Figure 30 illustrates the histological appearance of the
lung at the end of Zone II (forward flow) experiments. An immediate
difference between this section and those in Zone I is the increased
nuzber of alveolar septal red cells. Interstitial fluid accumulation
is minimal and confined to the peri-arterial spacej that round veins
and airways being negligible. The appearance contrasts with Figure 31,

in which there was retrograde flow. Notice the perivenous fluid
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Fig.30 6 u section of zonc II lung (forward flow). UNotc some peri-
arterial fluid but mininal perivenous cuffinge
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Fig.31 6 « scction of Zone II lung (retrograde flow). Note perivenous
fluid but minimal periartcorial cuffing.
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cuffing and absence of peri-arterial cuffinge In both cases thero is
absence of alveolar or airwvay..oedciaae

The hypoxia experimonts in which there wvas forward flow
showed peri-arteriolar haemorrhage very similar to that shown in
Figure 29; the venous appearance being normale In additién, there
was alvecolar ocdema whose appearance is illustrated in Figure 32,
letrograde flow with hypoxia did not give rise to any haemorrhage,
whether alveolar or perivasculars
Zone IIIX

Figures 33 and 28 are sections of lung frozen in Zone III
conditionse The elevated venous pressure clearly chows a conscsting
effect on the alvecolar septal capillaries. Venous fluid cuffing was
very marked (Figure 28) and peri-arterial cuffing evidentes There was,
however, absence of alveolar oedema in the normoxic series. MHypoxic
lungs in Zone IIXI showed both perie~arterial and alveolar haemorrhage.

Pulmonary vascular resistanco

In accordance with previous studiecs of the distribution of
blood flow in the lung (iest ct al, 1965; Hughes ct al, 1968) there
was an overall rise in vascular resistance associated with inter-
stitial oedema. The increased resistance was attributed to narroving
of arterioles caused by the perivascular oedema fluide Figure 34
from the present series illustrates such an artery, distorted by the
surrounding flu&l cuff. The irregular shape of its cross section
suggests a significant fall in internal diameter, giving rise to

increased resistances
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Fige33 6fu section of <one III lung. Note the congested appearance of
the intra-alveolar vesscls and the periarterial fluid cuffing.
Perivenous cuffing under Zone III conditions is illustrated
in Fig.28.
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Fige3h 6 w section of Zone I lung showing on artery ecnd vein both
considerably distorted by their surrounding cuffs of ocedema
fluid.



DISCUSSION

Advantages of the isolated lung preparation over the whole aninal in

studying the site of fluid leakage in pulmonary ocdenae

An in vive study has all the advantages of normal physiology
but all the difficulties associated with the controlling, or attempting
to control, the nurmecrous paramcters which influence the specific arean
of investigation. An isolated lung on the other hand allows complete
control of vascular and alvcolar pressures, state of lung inflation
and blood flovw ratec. Many features of this preparation have shown
in the past that its function, for some hours, is relatively normal.
Gas exchange and pulmonary compliance eare normal and the lungs
respond to constrictory and €ilatory stimuli such as drugs and tho
breathing of low oxygen gas mixturess It is truc, however, that
lymphatic drainage from the lung has been stopped so that the rate of
cedera accunulation is exaggerated, but this does not prohibit the
investigation of the origin of oedema fluid under a variety of
experinental conditions, nor does it prevent the study of some

paramcters influencing ocdema formation,

Indices of pulizonary ocdera

In the previous study it was only possible to take lung

biopsies at the end of an experirent, and from the tissue histological
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measurenents and calculations of cuff area was the most consistent
rrethod of oedena ascessments In the isolated lung the primary index
of oecdema was gain in lunjg weight which was monitored serially and
correlated with the histological appearance of biopsies taken at the
ame time., During each experiment the vascular and alvcolar pressures
vere held censtant so that the weighings, separated in time, were nade
under identical experimental conditions. It does mean, however, that
to infer that all the weight gain was dueo to extra-vascular fluid,
ihe vascular volume has to remain constant. Vith time it is quite
possible that vessel tone would change, but, by confining the experi-
iients to two hours, gross changes were avoidede Weighing the lungs
with the vasculature drained on excision and again at the end of the
experirent served to check the total weight gain during the experiment
and it was found that the two totals corresponded welliy the greatest
disparity being 3 gue This would indicate that the vascular volume
changes were indeced minimale The cuff to lamen area ratio does increase
with relatively little fluid accunulation (4-6% increase in lung
weight), so that it secns to be a fairly sensitive index of early
oedema developnante. It does not, however, indicate either the sites
of origin of oedema fluid, nor the rates of accumulation in different
segments of the pulmonary vasculature.

Vascular pcrrncability

Some extra-alveolar vesscls have been shown to be permeable
and fluid from thosc vessels has given rise to interstitial oedema.
Although veins up to 750 pn and arteries up to 200 p diameter were

included, it is probable that the major contribution to oedema would
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be from the smaller extra-alveolar vessels which have the thinnest walls
and greatest surface area. hevertheless, the extra-alveolar venous
contribution to fluid accurmulation was in excess of that of the intra-
alveolar capillariecs. ‘iederhielm (1956) showed an eleven-fold
difference in the permeability of highly diffusible dyes between venous
and arterial capillaries. The difference between extra-alveolar

venous and capillary permeability would have to be considerably greater
than 11-fold when wall thickness and surface area are taken into
account. Lvidence for the existence of two distinct populations of
pores, differing in size, has been reported by Landis (1964) using the
passage of tvo dyes, one highly diffusible and the other bound to
alburmiens lle attributed the gradient of permeability described by llous
(1930) and others to the increased number of larger pores in venous
capillaries and venules. These relatively large gaps (over 1000 )
between the endothelial cells of venules had carlier been demonstrated
by Majno ahd Palade (1961) in electromicrographs of ruscle. One might
speculnte that in the pulmonary venules and veins the number of such
leaks might be greater than in the venous systemic circulation, but
tlere is no proven explanation at this time for the scemingly excessive
perreability of extra-alveolar veinse.

The contribution of extra-alveolar arteries to oecdema develop-
ment was about a third of that from extra-alveolar veins and this
finding may be related to a wider size range of permeable veins result-
ing from the overall thinner wall thickness and larger surface areca
than arteries of comparable sizes (Wiener et al, 1966). In the static

situation, 63> of the interstitial oedema fluid originated from extra-



zlveolar arteries and veins and 37%. from intra-alveolar capillaries.
Une parameter which would favour fluid transudation via permeable
extra-alveoclar vessels in vivo might be their greater tronsmural hydro-
static pressure gradient. 7The pressure surrounding capillaries is
censidered to L2 approximately alveolar, or slightly less because of
alveolar surface forces. Interstitial pressure surrounding extra-
alveolar vessels would be related to the lung distending foreces and
therefore night approximate pleural pressure or be even nore negative.
Even taking the slightly lower hydrostatic pressure in the veins as
compared with capillaries into account, the transmural pressure gradient
would be grater for extra-alveolar vessels than capillaries.

Surmarising: -
Ptransrural P - P
ca

) cap alv
Ptransmural = p - P = <f 1
ex cx pl

Lifect of alveolar znd pleural pressures on oedema fornation

In accordonce with the findings of Wagner et al (1961) and
liellins et al (1969) the results reported here show in Figure 10 that
changes in alveolar pressure did not alter the rate of oedema formatione.
Thercfore in these experiments the transmural pressure (constant vascular
presczure on the one side and interstitial pressure on the other), was
not apparently affected by variations in alveolar pressure, indicating
that interstitial pressure did not change appreciably with alveolar
pressurce Lending further support to this inference, there was a
linear relationship between vascular pressures and oedena formation
(Figure 9) despite the alveolar pressures varying between 5-30 cm nzo

and therefore the state of lung inflation varying considerably.
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This resuzt is unexpected, particularly as chianges in pleural
pressure (and therefore lung inflation) wvere shown by liellins et al
(1569) to =ffect the rete of oedema formation. In addition, Howell ct
al (1961), vhen they observed that increasing lung volume increascd the
vascular volure of larger ves:els, cencluded that interstitial pressure
becones rore negative with lung inflatione ‘hether positive or
negative pressure inflation was used, they found that the pressure sur-
rounding the largs vesrsels was not alveolar pressuree Since then it
has generally been assumed that interstitial prescure approximates
pleural pressure, or nay be rmore negative than ite

A study which might help to resolve the dispaﬁty betwveen the
effects of alveolar und pleurcl pressure on the extra-alveolar vascular
contribution to ocedena formation is one by Pratt (1963)e lie icasured
the pressure in distal arteries during static infletion with negative
and positive inflation with results, summarised below, vhich suggest
that the interstitial pressure is higher with positive pressure
because the parenchymal traction on the vessel is counteracted by the

alveolar pressure.

Inflation Alveolar pressure Pleural pressure Arteriolar pressure

oy 1

(cnm nzu) (co uzo) (e 120)
-ve (o} -1k -17
+ve 14 o} -3

Note that in negative pressure inflation the arteriolar pressure is
lower than plcural pressure suggesting interstitial pressure may too
be lower. If indeed interstitial pressure is raised by positive pressure

inflation, this might partly explain why intermittent positive pressure



ventilation is often effective in the clinical treatrnent of oedenma.

Interstitinl liquid pressure

As 1 nentioned in Chapter I, Starling's Law may govern the
rrovenent of fluid fron the extra-alveolar vascular compartment into
the interstitial space or vice versa.

F <(P -7 - P T
= k(P =T pin ~ Vi1 * T i1)

where F = fluid flux (nl/scg/cmz), k = filtration coefficient, P

extra-alveolar vascular hydrostatic pressure, 7 = osmotic pressure

pla

of blood plasma (en uzo). P, = interstitial liquid pressure (cm H_0)

il
and -ﬁ—il = osmotic pressure of interstitial fluid (ecn uzo). Two of

the pressures are rcasonably well established: (1) the colloid osmotic
pressure of plasma is about 15 em H20 in the dog and ig written with

a negative sign since it causes fluid movement into the vascular

space. (2) The colloid osmotic pressure of interstitial liquid is
considered to Lec sinilar to that of pulmonary lymph, about 5 cnm "20'

At equilibrium the flux is zero and, by extrapolating backwards in
Fidurc 8 to zero weight gain, wve find the extra-alveolar vascular
rrecasurces w091d have to be around -1 cm Hzo. As shown beloy, the
interstitial pressure calculated from these values is -11 cm uzo,

which is of the right order to be comparahle with Meyer et al's in

vivo euxperimental findings when recording the pressure inside perfofated

hollow caprules implanted in the lungs of dogs (1968),.

; e K 1 =15 (- =
ch ’a,v (-1 15 (-11) 4’5) (0]

vhere ch = flux from extra-alveolar vessels and k1 v = filtration
e

coefficient for extra-anlveolar arteries (a) and veins (v).



Hypoxia and pulmonary vascular permcability

vrinker (19:5), Henry (1967) and others reported increased
pulmonary lyirph foriation in responsc to severe hypoxia (I'no2 15-20 rm
Hyg), but rore rccent evidence suggests that noderate hypoxia does not
scem to affecet capillery permeebility (ilultgren, 1657; Goodale, 1970).

A5 will be discussed Lelew, the preczent results indicate that only

arterinl permeebility ccems to be affected by hypoxiae

Static experiments

The Zone I experiments with arterial pressure only raised
and Static Zone III experirments show a large increase in the rate of
fluid accunulation associated with hypoxia. The pulronary arterial
pressure was the same as in the normoxic expericents (20 cn nzo) s0
that the difference in the rate of fluid accumulation cannot be com-
pletely explained on the basis of an elevated arterial pressures 1In
fact the results scem to suggest that the combination of hypoxia and
a roderately elevated pulmonary arterial pressure affects arteriolar
permeasbility in perticular. Clements (1961) has shown that stretching
of capillariecs end oxygen toxicity both cause increased capillary
perceability. Casten (1954) suggested that stretching of the capillery
pores might be a cause of ocdema development. ‘Whereas, in the previous
chapter hypoxic occdema was largely attributed to the elevated arteriel
pressure per sey causing random sites of micro-rupture to develop, these
cxperirents would seen to add that hypoxia may also have nbwcakcning effect
on the endothelial cell junctions so that, for the same arterial
pressure, they arc more suscpptible to mechanical failure. Certainly,
in Zone 1 experinents the sitces of micro-rupture must have been
located in extra-alveolar arterioles and were large enough to allow

red cells to enter the peri-artcrial space. Jhen capillaries were
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subjected to an eclevated pressure in combination with hypoxia (Static
Zone III experiments), there was alveolar haerorrhage originating from
the intra-alveolar capillaries.

Flow cxperiments

Zonz I1 (forward flow) and Zone Iil experiments both showed
increased rates of ozdema fluid zecunulatione Jie peri-arteriolar
haczorrhage in the lone II experinents one night expect to have
originated from arterioles zufficiently upstrean to stidl be subjected
to a pressure not rmuch less than 20 cm H, O. Certainly, their origin
was not fron intra-clveolar capillaries because alveolar haemorrhage
was absent. Only vhen venous pressure also was cevated (Zone I1I) was
alveolar haemorrhage founde A curious finding was that in retrograde
Zone II flowv conditions the rate of fluid accumulation not only was
unaffected by hypoxia, but was of the suime magnitude as in the neorrmoxic
Zone I experiments with venous pressure conly clevateds Such a result
leads one to speculate whether there was venular vasoconstriction in
response to hypoxiae. This effect was apparently abolished in Zonec I1IX
when the mcan vascular pressure in the pulomonary circulation was
20 cnm nzo.

Site of pulmeonery vaccular response to hypoxia

The majority of evidence published indicates that the dominant
pulmonary vascular response to hypoxia is arteriolar constriction
(ivindo, 1560; DBain, 1963; Staub, 1963; Bergofsky, 1963; Sackner,
1966). TI'athological and radiological evidence supports paradoxical
distension of the arterics concomittantly (Duke, 19613 Fred, 1962

Hultgren, 1962; Arias Stella, 1963; Roy, 1957)e There arey however,



soime studies suggesting venous constriction is the dozinant hypoxic
response (Dulie, 1963; Xati, 19062; Fred, 1962; ilorgan, 1568), and
others would predict that both arterial and vencus constriction occur
sinmultanccusly (Cishman, 1561)e. In the experiments described, for the
same vascular pressurcs, retrograde flow rate was less than that Curing
forward periusion, indicating overall vascular resistance to be greater
during retrograde flowe It would be tempting to infef that this would
suggest predominantly venular constriction, but the only tiny shred of
evidence 1 have to support this is that the rate of fluid accurrulation
during retrograde flow wues sinilar to that during Zone I conditions
with venous pressure only raiscde.
Conclusion

The origin of fluid in pulimunary oedemay whother caused by
hypoxia at altitude or left heart failurey has until rccently been
assumed to originate cexclusively froa capillariese This isolated lung
series has deacnstrated that in normoxia pulrmonary vessels other than
capillaries nay be perneable and therefore take an active part in
fluid exchange in vivo. LUvidence has been presented for the existence
of a gradient of vascular permeability in the lung, similar to that
in the systemic circulatione During hypoxia the results show that
fluid transudation is particularly enhanced from arterioless. A com=
bination of hypoxia and an elevated pulwonary arterial pressure nay be
the causn of mechanical failure in endothelial cells, allowing passage
of fluid and red cells into the interstitial spacee.

The next chapter introduces the effects of interstitial oedema
on the lung; in particulaer its cffect on the distribution of ventilation

and blood flow and lung mechanicse.



CHAPTLR IV

EFFLCT OF INTunrSTITIAL OZDEMA Ol VENTILATICH AND ROiFUSION

DISTRIBUTION IN ISOLATLD DOG LUKGS

The cxperirents described in this chapter were designed to
investigate the effect of controlled amounts of oedernia on lung
physiology. The series was intended to answer such uestions as =
"are there changes in pulmonary mechanies associated with early
ocdema, and if so, how do they affect the distributfon of ventiletion
end blood flew in the lung? If there is regional misgmatching of
ventilation and blood flow, could this lead to impaired gas exchange?
Finally, could chang2s in the distribution of ventilation znd blood
flow provide a rmethod of diagnosing early oedema in patients?®

The rcgional distribution of pulmonary ventilation has been
extensively =tudied in humany (Fowler, 19523 Jest and Uollery, 19003
Hilic-£mili et al, 1966; Iltcbertson ct al, 1969) znd in isolated lungs
(Zprdini ond Jfest, 1966; Faridy et al, 1967) but there is no
ublished worlk on its distribution in the presence of pulmonary oedemae.
This chapter describes measurerments of ventilation distribution made
in vertical isolated lungs both before and after the induction of
interstitial occdeoma.

The previous measurements of blood flow distribution associated
with perivascular oedema have shown an inverted pattern only under
specielised conditions of a raised venous pressure, low flow and
narrow artcrial-venous pressure gradient (vest et al, 1965¢ tughes

et al, 1968; Ritchic et al, 1969). In order to investigate why ocdema
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shoudf apparently only affect the pattern of blood flow under cuch
limited conditions, mcasurements were made of the distribution of
blood flow under conditions of low vecnous pressure, both before and

after the induction of interstitial oedezae.

lethods

Iszolated greyhound lungs were used in the vertical position
after the methods of est et al (1964). Greyhound dogs weighing
betwveen 20 and 35 Kg were anacsthetised with intra-venous injection
of barbiturate and hepariniseds The left lung was rapidly removed
after death by exsanquination. Glass cannulas were tied into the
artery, bronchus snd left atrium. The lung was suspended vertically
in a Perspex box placed on a balance (Gallenkamp model 7) and
weighed continucusly during the experiment to assess oedema develop-
rient. 411 connectidns to the box were of soft Penrose drain tubing
so that rmagimum flexibility allowed the balance to swing freely
during weighing. DMecasurements of lung weight were always done under
jidentical conditions. After flow had been stopped, pulmonary
arterial (Pa) and pulmonary venous (Pv) pressures were sct at a
fixed level, 10 cm below the botfom of the lung. Transpulmonary
pressure (TPP) was 5 cm HZO. The lung could be cxpanded cither by
lovering the pressurce in the box, or by connecting a syringe to
the bronchial cannula and applying positive pressurc. The latter was

used during ventilation recasurchents.

The lung perfusion circuit is shown in Figure 35 Venous

blood from an aneesthetised mongrel dog was removed via two cathoters



-9i -

THE PERFUSED ISOLATED LUNG CIRCUIT

\

a
B.p.

Paired counters scanning vertically

¥ige35 The perfusion circuit



pkaced in the jugular veins and passed successively through a roller
punp, an air reservoir to damp out pulsations, a filter and a heat
exchanger so that it entered the lung at about 37°C. The temperature
of the cntering blood was neasured by a thermometer in a T connector
Jjust before arterial cannula. Blood leaving the lung was collected in
a venous reservoir with a float-actuated mercury switch controlling a
second roller pump which returned the blood to the dog via a femoral
veine Except during oedema inductiony the venous reservoir was set
below the lung (Zone II conditions, iest et al, 1964). Interstitial
oedera was induced by raising the venous reservoir 2-5 cm above the
top of the lung, until the lung had gained 20 or 30% of its original
weight on excision. Arterial pressure (Pa) and venous pressure (Pv)
were neasured with saline manometers relative to the hilume A differen=~
tial pressurc transducer (Sanborn 268 B) mcasured transpulmonary
pressure (TPP)§ box or pleural pressure on the one side and airwvay
pressure on the others Blood flow was measured by collecting timed
samples in a measuring cylinder. Before every measurcment of lung
weight, ventilation and blood flow a standard volume history was used.
The lung was inflated with negative box pressure to TPP 24 cm nzo and
held for one minute. During this time the lung was scanned 30 ct
vertically from base to apex by a pair of scintillation counters to
obtain background count rate. TPP was then lovered to 10 cm nzo and
the lung ventilated tidally twice between 6~10 cnm uzo. After setting
TPP to 5 cm H20 neasurenents of ventilation and blood flow distribution

were nade as described belovw.



Regional distribution of ventilation

At TPP 5 cm nzo a 5cc bolus of xenon-~133 gas (containing about
2 mc) was injected into the bronchial cannula and the lung was rapidly
or slowly inflated with a syringe containing a predetermined volune of
aire This volume mcasured beforehand was the inspBred volume when the
lung was inflated with negative pressure from TPP 5«24 c¢n "20° With
the lung held inflated, a further scan was performede Dlood flow was
stopped during all scans. DBefore the next nmeasurement, xenon was
washed out of tie lung and the volume history manoceuvre and background
scan were repeatede The mean rate of inhalation before cach measure-
ment was determined from the volume trace by the slope of the first
50 cc inspired. Although there was sometimes difficulty in accurately
determining the mean flow rate for the first 50 cc in a fast breath,
the absolute rates were not as important as the difference (approximately
100-fold) between the fast and slow breaths. The measurement of the
distribution of a slow inhalation in the presence of interstitial
oecdena was repeated in four lungs whose TPP at the time of bolus injec~-
tion was zero, and 10 cn "26'

Expired xenon concentration in lungs with interstitial oedema

At the end of a ventilation distribution mcasurcment, during
which the lung was scanned at TPP 2k cm "20' the lung was slowly
deflated to zero TPP into a spirometer. LExpired xenon concentration
(in counts per second) was monitored by a lead-shielded counter
placed close to the tubing connecting the bronchial cannula to the
spirometer. Pressure, volume and xecnon concentration were displayed

against time on an ultra-violet recorder.



Distribution of blood flow

Each measurement was preceded by the fixed volume history
described. ‘When the lung was held at TPP 5 cn H20, an injection of
2-3 me xenon-133 dissolved in saline was pade into the tubing close to
the arterial cannula. ihen count rates over the dependent part of
the lung werec steady, blood flow was stopped and the lung scanned
following inflation to TPP 2% cnm H 0. After the induction of inter-
stitial oedema blood flow distribution measurements were repeated and
additional measurements made under conditions of raised flow and
increcased lung volune.

Lung volumes and pressure/volume relationships

The lung volume (TFP 2k cm H20) was determined by a gas
dilution techniques Xenon was mixed with a known volume of air (400-
600 cc) in a bag and the concentration measured. The bag was then
connected to the lung at TPP 5 and mixing of gas in lung and bag
brought about a new steady xenon concentration. Initial and final
xenon concentrations were recorded by mcans of a lead shielded counter
in the rebreathing circuit. Knowing the two concentrations and the
initial gas volume, the lung volume was calculated.s Regional lung
volunes were determined by scanning the lung at TPP 2k cm H20 after the
cquilibration procedure described above., licasurements of both total
and regional lung volumes were repeated after oedema indgction.
During slow inflations from TPP 5-24 cm H20, electrical outputs from
the differential pressure transddcer and syringe were displayed on an
X/Y recorder to give pressurc/volume curves. The deflation curves from

TPP 24-0 cm H20 verc similarly displayed, except that volume was
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recorded from a spirometer. Thus the pressure/volume rclationships

on inflation and deflation were studied both initially and after oedera
induction. Using the total lung volume and the pressurc/volume curves,
lung volumes at TPP 24, 5 and zero could be calculateds, Volume and
pressure signals were also displayed against time on an ultra-uiolet
recorder.

Counting methods and calculations

The specification and geometry of the scintillation counters
have been described elsevwhere (iest et al, 1964)s A time constant of
0.2 sec and scanning speed of 0.5 cm/sec were used and data fron the
counters collected in two wayse First, the scanned counts were passcd
to rate meters to be displayed as count rates on an ultra-violet
recorder with a market signal for each cm of ventical distonce travelled,
Secondly, a scaler-timer chain accumulated the counts over cach cm of
vertical distance covered by the counterse. The information was fed
sequentially into a data logger with punch tape outpute The data was
processed by computer as déscribed by Kingaby et al (1968). The blood
flow index (Q) and ventilation index (G) were calculated according to

the methods of Ball et al (1962)s A sumary of the calculations is

given below:-

Vn-c— .._t;‘.
rcq TLC

='(é:-x:' IFqu f‘_é._
req TLC

where Cr = regional count rate during a measurecment, Crcq = regional

count rate at equilibration, Fqu = inspired concentration of Xenon at
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cquilibration, Fb = Xenon concentration of bolus, Fi = Xenon concentra-
tion in saline injection. Since the alveoli in the isolated lung are
uniformly expanded at TPP 24 cm Hzo, we have expresscd our blood flow
and ventilation ratios as 'per alveolus's The ventilation ratios were
normalised to give a mean ratio of unity. Ve feel justified in doing
this because our method of scanning the lung meant that ventilation at
all levels was truly representede In addition to the computer calcula-
tion of ventilation or blood flow per alveolus, the distribution of
fast and slow breaths could be directly compared.
Histology

Five minutes after the end of each experiment small picces
of lung tissue were taken from the apical, middle and lower lobes and

put into formol saline for fixation. After wax embedding, 6 B scctions

were cut, mounted and stained with haematoxylin and cosin.

RESULTS

Twelve lungs weighing between 91-156 g were studied both
irmediately the preparation was set up (30-50 min) and after interstitial
oedena had been induceds The early measurements took about an hour to
conplete, during which time weight gain was minimal (0-4 g)e Lung
weight was closely followed during the period of oedema induction so
that increases of either 205 or 30 the original weight on excision
could be achieved. Figure 36 shows a peripheral airway partidlly
surroundad by a small cuff of oedema fluide The anount of oedema sur-
rounding small airways varied considerably from a barely detectable

widening of the peribronchial space to a cuff of fluid completely
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surrounding the bronchus. In no experiment was oedema fluid histologically
visible in the alveoli. Perivascular and peribronchial oedema, present

in all lungs, vas invariably more marked in the lower lobes than the

apical lobe, though no systematic measurements of widths of fluid cuffs
vere mades Preferential accurulation of perivascular oedema fluid in

the basal lobe of isolated lungs has already been described by Hughes

et 21 (1968),

Regional distribution of fast and slow inspirations

Figure 37 shows the mean initial distributions with standard
errors of fast and slow breathss The bottom graph shows a comparison
of the distributions. Notice that the standard errors are greater for
the distribution of 'fast breaths than for slow breaths. Figure 38
shows the mean distributions with 20}, weight gain and Figure 39 with
307 weight gain. Because the initial pattern of ventilation varied
considerably from lung to lung, the subsequent changes in distribution
of ventilation with oedema were more evident when compared directly
with their initial distribution. If they were identical initially and
after oedenma induction, then the points would run along unity.

Figures 40 and 41 show graphs of such distribution ratios for six

lungs which gained 20): of their original weight and six lungs which

had a 3005 wveight gains The standard errors show that the distribution
of the slow breath changes with oedema, whereas that of the fast breath
was not so significantly altereds Also, these two figures show that
there was no significant difference in the distribution ratio with

207, weight gain as conpared with a gain of 300,
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ig.37 Vertical distance up the lung is plotted against
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the two distributions.
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Vertical distance up the lung is plotted against
the ventilation per alveolus. Mean distributions
of fast and slow breaths are shown with standard
errors for the six iungs which gained 20}, of their
initinl weight. The bottom graph compares the two
digstributions.
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The rates of inhalation were 20-40 cc/sec for the slow
breaths and 2.7-4.8 1lit/sec for fast breaths. 7he effect of positive
versus negative pressure inhalation on the distribution of fast and
slow breaths wuas testede DUistributions of slow breatlis were identical
regardless of tlie type of inhalationj fast breaths showed slight
variations but these may have been due to the slower rate of inhalation
with negative pressure inflation (0.8-1.7 1lit/sec). DBoluses of 20 cc
compared with 5 cc showed that bolus size did not seem to affect the
distribution patterns.

The effect of tima, in the absence of interstitial ocdema, on the

distribution of a slow inspiration

Isolated perfused lung preparations tend to develop oedema
spontancously with time. To test whether the changes scen in the dis-
tribution of a slow breath after interstitial oedema induction were
indeed a consejuence of oedema and not an aging lung preparation, we
nade serial measurements of ventilation distrifution in one prepara-
tion where there was no weight gain (and therefore no oedema) with
ticee This was achieved by maintaining vascular pressures 20 cm below
the lung, cxcept during ventilation measurements when there was flow.
Figure &2 shows results from this experiment to illustrate that the
effect of time per se on the distribution of a slow breath was
negligible.

Expired xenon concentration in lungs with interstitial oedema

Figure 43 shows the changes in xenon concentration with
volume of gas slowly expired from a lung with interstitial oedema.

Lung counts have been suppresseds Following the xenon free dead space
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volune the concentration rose sharply and platcaued. Towards end
expiration the slope of ithe xenon concentration slightly steepened.
Three other lungs showed similar results.

Lung volurmes and pressure/volume relationships

Lung volume measurecments (TPP 24) made initially and after
oedena induction did not differ by more than 10ke Regional lung
volunmc at TPP 24 did not change with interstitial oedema aither.
TAble XII shows how the volumes of gas rema$ning in the lung at TPP 5
and zero both increased in the presence of interstitial ocdemas They
have beecn expressed here as a percentage of the total lung volume
TPP 24 cm "20° The mean initial volume ratio at TPP 5 cm HZO was
Lly o35, which rosec to 590« with ocdema. Similarly, the mean initial
volume ratio at TPP zero was 21.3% and this rose to 42.4% in the
presence of interstitial oedemas These increases are highly significant
(P<: «001 in both cascs with the t test). Figure 4%t shows recsults
from one experiment illustrating the pressure/volume relationship on
deflation from TPP 24 to zero, both initially and after oedema induc-
tions Note how the upper part of the curve is relatively unchanged
by interstitial oedema, but thc pressure/volure curve has been
significantly altered at lower lung volumes, giving rise to a marked
increase in the voluue of gas remaining in the lung at zero TPP.
Figure 45 shows inspiratory pressure/volume curves from experiwent 6
in Table XII. It illustrates the point made above that the inspiratory
volunie (for TPPchhnnge 5-24 cnm uzo) was diminished (i.ee lung volume
at TPP 5 was increasecd). lurther, Figure 45 demonstrates how the

initial slope of the pressure/volume curve has become flattcr with
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/

TABLE XII

Initially Oedema Initially Oedena

/L 56 11 40
L3 S Y- 25 L8
38 60 18 L3
53 67 21 50
47 52 19 37
L2 St . 16 35
b2 no 29 46
26 L 22 38
53 66 21 4o
55 55 ' 39 39
4y 55 19 . kp

] 61 16 39

where Vo, V5 and Val+ are the lung volumes at TPP 0,5 and

2Lk cm Hao respectively.

The volumes of gas remaining in the lung at TPP 5 and
zero cm H_O expressed as a percentage of the lung

volume at“TPP 24 cm H20.
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inhaled by the lung as TPP was increased from 5 to 24 cm H_O,
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presence of interstitial oedemae The change in volume per cn pressure
change from TPP 5-6 cn “20 varied initially fron lung to lung between
50-71 cc (maan GO cc)e After oecdema induction the volune change was
30-42 cc (moan 37 cc) for the same pressure changes Similar results
were found in all six other lunns in which inspiratory and expiratory
pressure/volume curves were recordeds Initinl and final pressure/
voluma curves were identical in the 'centrol! lung which had no weight
gaine

Effect of preinsniratory lung volurne on the distribution of a slow

breath in the presence of ocdena

Figure 46 shows the results from an experiment in wvhich
regional ventilation distribution measurenments of a slov breath were
made at three different lung volumes corresponding to THEP &y 5 and 10
cm HQO. Notice that the usual mcasurensnt (TPP 5 cm Hza) shows the
inverted pattern of ventilation distribution found in the presence of
iterstitinl oedemas The effect of lowering the TPP to zero is to
markedly diminish further the amount of gas going to the base of the
lunge Increasing the TPP to 10 cnm uzo has the opposite cffect: namely
of improving basal ventilzation and diminishing apical ventilation, or
making the overall pattern rore even. In susmnary, lowering the lung
volunc enhances the effect of interstitial oedema on the distribution
of ventilation, while increasing lung volume diminishes the effect.
Similar results were scen in three other preparationse

Blood flow distribution

In six experiments the blood flow distribution was measured

within one hour of the preparation being set up and again after inter-
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gtitial osdera hod been induced, as indicated by a 307 gain in lung
weighte For the initial meacsurement, Pa pressure vas set to 2 cu
above tha hilum by adjusting the flow (12%-136 cc/min). Venous
pressure wes always below the lung (|5 cm below the hilum)e After
induction of interetiticl ocdemsy the rcasurenent vas repecated with
identical flow and venous pressurce Pa pressurc rose between 1e7-13.7
crm (mesan 8.1) as 2 result of ocedena, indicating an iacreasc in overall
pulmonary vascular resistances Figure 47 shows the results in the six
experimentse, Tnitinlly all but one lung had no region of reduced blood
flow to the base, but after inducing interstitial oscdema, there was a
marked reduction of blood flow to the base in 211 lungse.

LEffects of irncreasing blood flow and TPP on the distribution of

blood flow in the presence of interstiticl oedema

The same distribution of blood flov after 30, weight gain
shown in the first graph in Figure 47 is agoin plotted in Figure 48,
When the flow wvas raised from 132-275 cc/min, Pn rosc from 73 cm above
the hilum to jusct above the top of the lung (14 cn above the hilum).
The measurement was repeated and, as can be seen in Figure 48, blood
flow to the base was incrensed, Returning the flow to its original
ratc, Pﬂ fell to 6.8 cm above the hilume. Raising the TPP to 20 cm nao
instead of 5 ¢cn H20 further lowered Pa to 2.7 cm above the hiluz and
in this lung removed the basal region of decrensed blood flowe 7Two
other lungs showved less marked increnses in basal blood flow, with flow

and TPP such that, though basal regions uere better peorfused, there

stil)l remained a snnl)l area of reduced blood flow.
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Fige48 Vertical distance up the lung is plotted against blood flow per
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tion after blood flow was increased and a4 the distribution
after the TPP was increased to 2C cm 1li2C,
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Effect of interstitial oecdema on the distribution of ventilaticn/

perfusion ratio

Figure 49 shows how the distribution of ventilation/perfusion
ratio (G/&)was altered by the prescnce of interstitinl oedema. The
initial distribution is very similar to that described by J/est in his
nine slice model of the upright lung; tho G/& ratio bzing slightly
less than unity over a considcrable portion of the lung and thon rising
sharply towards the level of no flow in the uppor lob2. In the lower
part of the lung perfusion was slightly in excess of ventilation vhereas
higher up, where the flow fell off rapidly, there was an excess of
ventilzationes In the presence of interstitial oedema the 1reduction in
basal blood flow was considerably greater than the reduction in basn
ventilation during a slow breath, and hence the raised G/& in that
region. Since blood gases were not studied in this series, we are

unable to say whether the basal mismatching of blood flow ond ventila-

tion associated with oedema was sufficient to inpnir gas exchang=.

DISCUSSION

Ventilation distribution

The ventilation distribution measurements were designed to
investigate the effect of interstitial ocdema on regional complicnce
and regional resistance. Otis et al (1956) pointed out that the dis-
tribution of a tidal volume between two units in parallel depends upon
their time constants (compliance x resistance)s Vhen the distance
betwveen the site of bolus injection and the lung units is amill (less

than 20 cc in our case), then the distribution of a slow breath will
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be compliance dominated and that of a fast breath resistance dominated.
ilence by using slow and fast inflation rates werwere ablc to distinguish
between changes in complicnce and changes in resistance associated vith
the prescnee of interstitinl ocde::as

Just for interest, Figurc 50 is a plot of the rcgionzl tire
constants rmeaned for the twelve experinents, both initielly end after
ocdema inductione It can be scen that initially the lungs showed a
slightly longer basal time constant when compared with that of the apexy
l.3 and 1.1 respecctively. In the presence of interstitial ocdema, lung
resistance was little changed but basal compliance decrcased, thercfore
a longer time constant was shovn by the apical regions (base 1.0, apex
1.45)e These values are not absolute; they only serve to comparc ona
rcgion with anotlicr.

wffect of tirme

Faridy et al (1966) and others have shown that the pressure/
volume characteristics of isolated lungs only altered irreversibly
after a considerable period of continucus ventilation and that the
changes were due to depletion of surfactant. Short term changes in
pulmonary compliance were shovn by Collier & Mcad (1664) to be
reversed by fofced inflationse In the present serices the lungs were
not ventilated continuously end the volume history preceding each
measurement included inflation to and holding of the lung at a TPP of
2h cn H20 for onc rminute. Figure 4 shows that the distribution of
2 slow breath (and therefore the compliance) was unaffected by time
when oedena, as judged by woight gnin was avoided. lowever, it is of

interest that two lungs, not included in this series becausc the
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vagsculatare was not filled with blood, did show an irrcversible fall in
complience with time, but this vas associated with the presence of inter-
stitial air.e Ventiletion distribution was chunged and lung volunes at
TP 0 and 5 cm nao vere increased in a way very siuilar to the changes
associated with presence of interstitial fluid,

ffect of interstitiz] oedema

Interstitinl oedema scemed to have little effect on lung
resistance, but basal complicsnce wos reducede This change in compliance
wvas associated with preferential accurulation of oecdena fluid in the
dependent regione The ventilatory movements of the lower lobe were
noticeably reduced and, as a consequence, the washout of xcnon fron
tkis region took longer than initially. Three main factors might account
for the change in lung cenpliance associated with carly ocdemag
atelectesis, eclveolar stiffness and closurce of small peripheral airvayse.

Ateclectasis and clveolar stiffness

Presence of atelectasis would have diminished the lung volume,

wvhereas the results show an increase in volure at TPP O and 5 ¢cm "20'
Hoth this and the absence histologiceally of atelectasis suggest that

it was not a contributing factor. alveolar stiffness might be coused

Ly either fluid in the septa or in the lumen as well as the alveolar
walls. An electrom:icrographic study by Cottrell et al (1967) describes
how in Yhaecmodynamic oedema' fluid in the alveoler septa caused dig-
perstion of the collagen fibrils from their normal orientation in

bundles. Such a change in the geometry of the elastic elements might

be a feasible explanation for & £all in septal compliance except that

our results and others (Cook et al, 1959) have shown that oedcun only
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affected lung compliance at low lung volumes. At higher lung volunes
the pressure/volume relationship was little changeds It is thercfore

a little surprising that the disorientation of septal collegen does not
affcct complience throughout the range of lung volumes. Alveolar
oedeiia or fluid in the alveolar spaces as well as septa cannot be cone-
plctely ruled out as a possible causc of decreased lung compliance
despite its absence histologically. I have confirmed the sequence of
oedema formation in the lung described by Staub et al (1$67) showing
alveolar fluid to be the final stage before alveolar hamrnorrhage and
fozxm in the airwayse. From experiments described in the previous chapter
it was shown that a lung weight gnin in excess of 35 of the original
weight on excision was necessary before the alveolar stage of oedena
wag reachede IHence, by carefully controlling the lung weight in this
study, the possibility of alveolar ocdema was minimiseds Another
indication that oedema fluid was predominately confined to the inter-
stitium is that total and regional lung volumes werc not decreased in
the presence of ocdemae

Closure of saall airvays

Figure 43, showing an increase in xenon concentration at end
expiration, is suggestive of basal airway closure for the following
reasons. Dolfuss et al (1957), using a similar xenon bolus technique,
showed that on slow inspiration from residual volume (RV), gas first
goes to the upper lung regionse They therefore recoive a greater pro-
portion of the xenon bolus than the basal regionse Further, the upper
regions tend to empty last and hence the increase in xenon concentration

towards end expiration. This phenomenan Dolfuss ¢t al attributed to
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basal airwvay closurce occuring at IV, vhich prevented gas entering the
lower regions, until lung volume had increased sufficiently to reopen
basal lung unitse Airway closurc was tiuereforc concidered te be tlhe
cause of the reversed distribution of ventilation at RV and it may
account for the similer distribution of slov insgirstions in lungs with
interstitial oedena.

The fall in basal conpliance cssociated with interstitial
ocdemn may also have been caused by airvay closure because there was
an increase in lung volumes at PP 0 and 5 cm H_O (Table X1I). [Por

2

reasons already given in the previous secction, it ig anlikely that
snall peripheral airvays were fluid filleds It is possible, Mowever,
that formation of rcenisci from very szall cmounts: of brernchiolar fluid
night lead to their cffective closures Similarly, the surfuactant lining
layer, which has been shown by lecklem et al (1970) to heve « stobilis-
ing function on peripheral aiirways, wight be altered by ocdera fluide
This however would not nececssarily mnke bronchioles unstable bLecause
oedena fluid itself scoms to have surfoce lowering properties (Pattle,
1958). Secondly, an incrciase in smooth nuscle tone in bronchioles is
an unlikely causec of wirwvay closure in an isolated lung preparation
ventilated with cir. ilowever, peribronchiolar cedema fluid micht well
cause airvay closure by its conpressive effect on small alrwiys as well
as the presence of interstitial fluid interfering with normal airvay
distention by the expanded lung parenchyma (lHlughes & Rosenzweig, 1970) .
further, the inverse relationship between TP and bacal compliance
(Figure 46) is consistent with peribronchial oedema causing o rise in

airway closing pressures vhich could be overconc by raising TPPe That



peri-airvay ocdema was mainly peripheral in its distribution is con-
firmed both by the histology and the fact that rcgional lung resistance
was little changad. !lacklen & MNMead (1957) deronstrated that the
peripheral airvays contribute only approxirately 1070 of the total air-
ways resistance sco thet a peripheral increase would have little cffect
on the total resistance. This would account for the distribution of
fast breaths, which are mainly resistance dependent, being relatively
unaltered by the prescnce of interstitial ocdemas. Cook et al similarly
found that after inducing pulmonary ocdena in ancesthetised dogs lung
resistance was little changede In contrast, Sharp et al (1958)
reported marked rices in airways resistance in patients with acute
pulconary oedema, but this was in the prescnce of foam in the airways.
It is concluded that early ocdema may have causcd closure of
peripheral airways which decreased lung compliance in the oedematous
regions, but did not significantly alter the resistance. Increasing

lung volune improved basal lung compliance, possibly by reopcning some

previously closed airwayse.

BLOOD FLO4 DISTRIBUTION
This study has shovn that therc is a reduction in basal
blood flow in the presence of interstitial ocdema when venous pressure
was below the lungs Previous investigations (West et al, 19653
Hughes et al, 1958 and Ritchie et al, 1969) have only shown reduced
Lasal blood flow associated with ocdeme when venous presgsure was
clevated (Zone I1I) eond there was a small arterial-venous pressure

difference. Under veasculor conditions similar to ours (Zone II),
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ftitchic et al (1969) found no basal blcod flow reduction and Hughes et
al found reductions in only four out of trenty-two lungs with ocdenne
Botl these studies, however, ere corried oul under reletively high
transpulmonary pres:ures, 10-15 ca HZU in the former and 10 em nzo in
the latter case, contrasting vwith our 5 cu: nzo. ve teliceve that their
relatively high states of lung inflcotion right «fcount for tne different
results becouse, vhen we raised TPF to 320 en H20 the reduction in basal
blood flow was elininated (Figurc 45). <nc importance of lung inflation
on pulionary blood flow distribution in the «Lusence of ocdema has been
reported rraviously by Hughes ct al in hwoans (1909) and isolated lungs
(1968)e It may be thot the effects of ocdesa on pulmonary vasculear
resistance are only apparent below o certain level of TIPP and that in
pirevious studies & high TPP nay have obiscured the changes associated
with oedcizne

fite of increased vescular resistance

The fact that ircrensing TPP Jdoes affect the distribution of
blood flecwr suagests that the site of increased vascular resistance is
in tlhe extrao-clveolor vessels of the lunge It has been knovn for
core time thot the pulrmonary vessels can be functionally separoted
into intro and extra-czlveolar ves:els (Macklin, 1946; Howell et al,
1961). As the lung is inflated to high lung volunes intra-alveolar
vensels ore compressed vhilst extre-zlveolar vessels are expanded by
the pull of the inflating lung parcnchymae est et al (1955) attributed
the increased basal vosculer resisience to oederna luid interfering
with this tethering effect of the lung purenchyma on exira-alveolar

vessels, causing them to closze Hughes et al (19G3) proposed that



perivascular ocdema might bring about a Starling resistor ecffect in
the extra-alveolar vessecls. Ritchic et al (1969) rapidly froze the
surface of isolated perfused lungs under conditions of low total blood
flow, narrow arterinl=-venous pressure difference a;§7?2¥i;g}on of the
distribution of blood flow. Finding no anatomical evidence of vessel
closure, they proposed instecad that some rheological phenomenon might
be an alternative explanation for the increased vascular resistance in
the dependent regions I consider that even a slight narrowing would
be sufficient to causec the reduced basal blood flow, without evoking

closurce.

Possible mechanism to account for increased resistance being

prefercentially basal

The reasons why interstitial ocdema should cause a preferential
rcduction in blood flow in the dependent regions is not altogether
clear. West et al (1965) suggested that the interstitium of the lung
forms a continuous fluid column and therefore interstitial pressure
would be higher at the basey but in fact one would expect the hydro-
static gradient of interstitial liquid pressure to be matched by a
similar gradient of intra-vascular pressure, assuming blood and inter-
stitial fluid to have similar densities. llence the transmural pressure
for extra-alveolar vessels would be similar at all levels in the lunge.
It may be, hovever, that initial drainage of interstitial fluid to the
base causes accurmlation and eventual fluid cuffing preferentially in
that region, beforc devecloping higher up the lung.

Recent studics on the mechanics of hydrothoraces (Agostoni

ct aly 1969) suggest that accurulation of fluid in the dependent part
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of the pleural space compresses the lung in that region, but that the
cxpansion of the upper zones is unaffected. Normally there are points
of contact betwcen the two pleural surfaces (Agostoni et al, 1964)
which allow free movement of pleural!liquid, but bring about gradients
of surface and liquid pressures. Both pressures are slightly sub-
atnospheric at the lung base and become more negative with vertical
height (1 co uzo/cm vertical height for liquid pressure and a smaller
change for surffice pressure)s VWhen, as in a hydrothorax the pleural
membranes become separated by sufficient fluid to break the points of
contact, the surface pressure becomes one and the same as the liquid
pressure and the lung is compressed in this region.

The pecrivascular space may well behave as an extension of
the pleural space (von Hayek, 1961) with points of contact between its
liniting membranc and the outside of the vessel wall, which would
account for the expanding effect of lung parenchyma on extra-alveolar
vesselse The normal surface pressure for extra-alveolar vessels is
not known but there is evidence that it is less than alveolar pressure
(Macklin, 1946) and may be less than pleural pressure (Howell et al,
1961). As fluid accumulates contact between the limiting membrane and
vessel wall would be lost so that perivascular surface pressure becories
equal to the liquid pressure. Meyer et al (1968), using perforated
capsules implanted in the lung, showed that interstitial liquid pressure
changes from negative to positive values with the accumulation of
oedena fluide A rising interstitial liquid pressure would tend to
diminish vascular transmural pressure and hence vessel diameter,

causing increased vascular resistance. BDecause of the effect of



gravity and the continuity of the interstitiasl space, ocdema fluid
will tend to preferentinlly cccunulate in the dependent parts of the
lungs (llughes et «l, 1968). Thercfore an increasc in vascular
resistance would first be evident in the lung bases. Higher up

the lung, vhere interstitial fluid is incufficient to breek the
points of centact, transmural pressurce would be greater and there-
fore vascular resistance less. Perhaps the reason why the increased
basal resistance was partially reversed at higher TPPs was that,

in addition to o fall in interstitial liquid pressure, expansion of
the surface limiting membrane rmay reduce the thiclmess of the
perivaccular fluid cuff sufficiently to restore the points of

contact betiwveen the lirmiting rmembrane and vessel wall.

CONCLUSIONS

The results indicate that in the carly stage of
pulronary oedesa, interstitinl fluid accunulation affects the
calibre of extra-alveolar vessels and the patency of sunll airwnys.
Since fluid tends to accurmulate in the dependent regions initially,
its effect in increasing vascular resistance and reducing lung
compliance arec predominately basal., It is possible that in vivo
interstitial ocdema might bring about sufficient mismatching of
ventilation and blood flow in tha dependent lung regions to cause

arterial hypoxaenine This early stage of pulmonary oedemn may



therefore account for the hitherto unecxplained hypoxacrmia vhich

occurs in patients during apparcently asymptonatic periods between
episodes of overt julmonary ocdenas The next chapter describes
rreasurezents of regional ventilation and blood flov in such patients

to test the above hypothesise



CHAPTLWL V

RUEGICNAL DISTRIBUTION CF VeNTILATION AN BLOUD FLOG IN PATIHNTS

WITH £aULY CLDZNA ASSOCIATED J4ITH LIVLER CIRRIOSIS

In patients with liver cirrhosis there is progressive scarring
of the liver tissue,resulting in some degree of cellular failure and
portal hypertensicne Clinical signs of the discase énclude ascites
and pulronary ocdemae There is frequently a high circulating level
of ulderosteronce (vhich is normally mctabolised in the liver) result-
ing in =codiun retention und, associated with it, an increased blood
voluma. Cther contributing factors to the formation of pulronary
ocdena in liver éirrhosis may be a reduction in plasma protein con-
centration, increased capillary perneability, the presence of
portomediastingl pulronary shunts and iczpaired lymphatic drainage of
from the lungs. It is likely therefore that patients with liver
cirrhosis have interstitial oedema present chronically which, at this

early stage, cannot be detected cliniczllye.

HLTHUDS
The age, sex and lung volumes of the five paticnts are given
in Table XIXI. Nono of the patients had clinically diagnosable
pulconary ocdema at the time of the study, but all showed arterianl
hypoxaenia (as can be seen in the last columm of Table XIII) and had
histories of onc or rore episodes of pulmonary oedema. Blood flow and
ventilation distributions were rmceasured after the methods of Ball et al

(1962) with modifications described by Hughes et al (1968) and Milic-Lmili

(3966)/



TABLE XIII

Patient Sex Aro Total lung capacity Functional residual capacity Residual volune Pao?
(T.L.C. litres) (FeReCo & ToL.C.) (ReVe & TelLoCo) (m Hg)
norrally about 50% normally about 25
3t F 29 6.45 62 3h 65
P F 37 5.11 50 31 54
T F 12 2.20 56 28 L6
G N 18 4.85 Y 2h 75
D H 32 6.06 L3 23 75



respectivelye. The patients were studied vhilst sitting erect and ceore
was taken to keep their position relative to the counters as fixed as
possible during o complete study of ventilation and btlocd flow.

Blood fléw distribution

/i 0 cm polythene catheter was introduced under local
anacsthesic inte cn ante-cubital vein co that its tip wes beyond the
shoulder. while the patient pcused at the cnd of a normal expiration
(FiiC), 1-2 mc of xcnon dissolved in saline were injected and the catheter
flushed with salinees After five coconds (allowing time for the bolus
to reach.und xenon gas to be evolved in the lungs), the patient inhaled
slévly to total lung capacity (TLC) znd held his pyreath while the lungs
were scanned 30 cn vertically by paired scintillation counters. The
tirie taken for the counters to scan the lungs was kept constant for
any.opne patient and varied Letween patients from 10-25 secondse Alter
washing out the activity, a background scan was conpleted before the
next measurenent. In the patient D the blood flow distribution was
measured at TLC as well as FRCe

Ventilation distribution (FRC and RV)

After tidally breathing roox cir for a few minutes the patient
was acked to pausc at the end of & norzal expiration (FrRC) during which
tire o tap was turned connecting the patient with a spiromster con-
taining oxygen and xenon in a known concentration (about 1 mc/lit).
After a clow (<: 0.5 lit/sec) inhaletion of labelled gas to TLC, two
pairs of scintillation counters scanncd the chest vertically while the
patient held his breathe After washing out the radiation by hyper-

ventilation, a background scan was completed before the next manocuvre.
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The cistribution of gas at residual volume (iV) was similarly deter-
nmined, tut thz single breath wves talien Lrom maxirun expiration (rv) to
Ti.Ce To talke the voluze of lung at cach vertical level into account,
regicnal lung volume was deteriiined by scanning after the patient had
cquilibrated witn xenon in the splremster, wilose concentration was
monitored througaout by a counter incorporated in the rebreathing
circuit. During this manocuvre, the closed spifoneter circuit vas
priced with oxygen ond containcd & fen to circulate the gas, ana soda
lime abrsorbers to reniove C()2 produced during the 3-5 minutes reureathing
puriode as the lungs were scanned during & measurement, the count
rotes from cach pair of scintillation counters ware displayed on an
ultra-violet recorder, with a mariker signal for cach cm of vertical
distance travellede

Countinc rmethods and calculations

ihe specification and geonetry of the paired scintillution
cotnters hcove been described elsevhere (Hlughes et aly 1968)e A time
constant of 0.2 sec end a scanning speed between 005 - 3 cr/sec
(depending on the ubility of the patient to hold his breath) were used
and data from the counters fed into & data loggere The data was pro-
cessed by conputer as described by Kingaby et al (1968). 7The Llood

flov index (Q) wvas calculated zccording to the methods of Dall et al

.

(1962); & suumary of wihich is given belows-

c I
Q = E§ x FICq x i
eq TLC

vhere Cr = regional count rate during a mcasurement, Crcq = regional

ccunt,rate at cjuilibration, Flcq = ingpired concentration of xcnon at



cquilibraton, Fi = x2non concentration in the saline injection.

A deteiled description of the principles involved in the
calculation of regional ¢ and KV can be found in the paper by liilic-
Linili et al (1905). 7Ihorefore only a sunmary will Le given ihcres The
nett regional count rate during ¢ measurement (Cr) is divided by the
nett regional count rate at eguilibriun (Crcq) and multiplied by the

xenon concentration of the gas inspired at eguilibrium (Fqu) to

obtuin the regional xenon concentration (i'r)e

Cr
Fr = o0 = Fqu (1)
cq

The ins:iratory capacity (IC) to total lung capacity (TI.C) ratio is
the resienzl xenon concentration in rc/lit (FRIC) divided Ly the con-
crntration of xenon inspired Ly the IC misasurenent (PIIC) in rc/lite.

IC rr

r~y e I

A is
r 1

bt
(@)

(2)

-
(@]

If TLC is taken to be oney then FRC is one minus IC. ‘Therafore, to

cnleulate the 'C to TLC ratio,

IMC = - T
== 1-Tree (3)
F_IC

1
Similerly the RV to TiC rotio cen be calculated using (1) and (2) in
the f.r; below, vhere the single breath is a vital capacity (VC).

Ve g
vr rVC

TILC © F.VC
r I

fience %%h - I—Fﬁvc
I"‘IYC

wWo therefore obtain the rcgional lung volumes at FIIC and RV as a

percentage of TLC. Since all the alveoli are the same volume at TLC



(t1ilic-Enili, 19066), the ventilation to each region will depend upon
its sterting volu-ce Thiz 'ras Cdeduced by lilic-I'mili et 2l (1955) froerm
the chope of the rrescure volure curve of the lung and from mersure-
rents of pleural pressure ot TLZ. For expmpley alveoli vith o =nizll
starting velu=s (at the lung bacge) «#ill receive 2 greater proporticen

of the ins;ired ges than zlvesli with a higher starting volume (at

the lun; apexte tience the regional distribution of ventilation on

2

N

{1
1

incypiration from C hac ~n inverse relationshin to the regioncsl

tribtuticn of volume at Fiil.

ILISULTS

Reaionzl distritution of lung volume (WY 2nd FRC)

Figurc 51 -chors the results for cach patient. Rlegional lung
voluries zt IV and 12 are cupressed oo o peorcentage of TLC. It con be
ceen that roqgional IV o increased down the lungs, contrasting with the
nornal distribution (Sutherland et =1, 1956) shewm in Figure 52 In
the cnore figqure rtandard errors of the maan results in the patientc
denenstrate a significont difference between their distribution ef W
and that of norisalse. In the denendent regions the RV in the patients
exceeded 50,. of the volume of these regions ot full inspiration (71.C),
indicating increasad trapping of gas in the hasal regionse. These
results are ccopatible with these described in the previous cliapter,
where there was an increased volume of gas remaining in the isolated
lung acsociated with carly ecedema, FRigures 51 and 52 also show the
rejiocnal distribution of FiC in patients end norrmals, Lven at FRC

there ccens to be seme baszl gas trepping precsent in the liver cirrhotic

puticnts,
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Hpaional distribution of blood flow

rigures 53 and 54 show the results for cach patient and rean
results with standard errors respectively. The blood flow distribution
at il in normal subjects (llughes et al, 1963) is also plotted in
Vigure 54 for comparisone As can be secen, there was considerable
variation in the pattern of distribution, with only two patients (G &
V) showing abnormally reduced basal blood flowe Taking the group as a
vhole,y however, the results indicate that the pattern of perfusion in
the liver cirrhotics vas not appreciably differcent from that found in
norinal subjeclss Cne interesting result vas the marked improvement in
basal blood flow in the potient D when & measurement was made at TLC,

such an inproved basal blood flow was seen in the previous chapter

when theupeasurerent was wmade at TPP 20 cm 11,0 instead of 5 cm 11,0,
L [

DISCUSEION

liggional cdistribution of ventilation

The results of the rcgional distribution of FiC and RV in
liver cirrhotics have shown that gas volumes in the dependent regions
of the lungs vere narkedly increased in comparison with normal subjectss
This weans that, on inspiration to TLC, there was a reduction in basal
ventilation, particularly when inspiring from Ve To a lesser degree
thare was also basal redaction in ventilation when the patients inspired
froa (iC, indicating that the ventilation distribution during resting
tidal breathing may well be abnormale Isolated lungs were shown in
the previous chapter to have reduced basal ventilation associated with

interstitizl oedema, which was exaggerated at low lung volumes and
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errors on the patient data are also included.
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reduced at higher lung volumes. The similarity between the results
of the two ctudies leads one to speculate whether early oedema leading
to gas trapping at higher lung volumes than normal, may be the cause
of the abnormal distribution of ventilation in patients with liver
cirrhosis,

Repional distribution of blood flow

Three patients showed relatively norrial distributions of blood
flow. However, it is of interest that the two patients showing the
greatest reductions in dependent blood flow (G and D) also had the
lowest FRC to TIC ratios. Also, when D raised his lung volurme to
TIC during the measurement, the basal region of reduced blood flow
almost disappeared. There is insufficient data here, but perhaps
in vivo an increased lung volume might improve basal blood flow in
a way pimilar to that described in isolated lungs in the previous
chapter.

Ventilation/perfusion ratio

The reduction in lower zone ventilation in four out of five liver
cirrhotic patients was rore marked than the reduction in perfusion eo
that one night expect o decreased ventilation/perfusion ratio in the
basal regions. Figure 55 shows the regional distribution of G/&
for each patient. The overall G/& ratio wvas measured separately on
each subject and was taken into account in calculating the regional
distributions. It can be seen that the ventilation/perfusion ratio
in the lower third of the lungs was less than 0.6 in four of the five
patients. Such low ventilation/perfusion areas may have contributed
significantly to the arterial hypoxaemia which was present in all the

patients to varying degrees (Pao2 = 46-75 rm Hg).
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COLCLUSICHS

In cirrhosis the distribution of pulronary ventilation was
rore abnormal than that of blood flowe It is suggested that the
reduction in basal ventilation was causcd by the presence of interstitial
ocdema fluid giving rise to closure of small airways end therefore
gas trapping at lung volumes higher than in normal subjecte.
vxaggerated nismatching of ventilation and blood flow in the dependent
reqgions may be an important couse of impaired gas exchange, resulting
in arterial hypoxaemia in patients with carly pulmonary ocdeniae
tlcasurements of regional ventilation and blood flow, together with
blood gascs, may provide a suitable means of diagnosing the inter-

ptitial stage of pulmonary ocdenite
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CHAFILI VI

CONCLUSICNS

The purpose of the studics described in this thesis was to
investigate the pathogenesis of pulrmonary oedeuna, its scquence of
development, and the effect of the ecorly, interstitial stage on the
distribution of ventilation and blood flow in the lung.

Lxperiments described in Chapter 1I were intended to clarify
the puzzling situation of hypoxic ocdema development at altitude,
viiere capillary hypertension is absent. Dbrinker (19%5) and other workers
had observed that lymphatic flow fro:: the lung was increased during
hypoxia and essumed that the hypoxic gas rmixturc dircctly affected the
permeability characteristics of the capillarics, caousing an increased
filtration rate and hence cedema fluid accurulatione Later Goodale et
al (1970) demonstrated that capillary permcability was only changed
when hypoxie was severej nrore severe than the levels of hypoxia
vhich have caused altitude oecdema in mane The results in Chapter 11
would suggest that random sites of microrupture in the arterioles
nake them the pricary site of pathogenesis in altitude ocdemae Though
the experirments did not rule out the direct cffect of hypoxia on
capillaries, they did pravide evidence that the arterial hypertensicen
ascociated with hypoxia was the najor cause of oecdema and not the
toxic effcct of hypoxia per se on the pulmonary vesselss In Chapter
111 the results confifined that arterioles make a significant con-
tribution to cedecna development during hypoxias At the same tine,

venous and capilleary contributions were not increcased by hypoxia,
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showing that it scoemed to primearily affect arteriel perineability.
Jhereas in norroxia the arterial contribution was slight, the rate of
interstitial ocdera accunulation from arterioles was increared
conciderably during hypoxia, and the roxirum size of contributing
vesszel was raised from a diormeter of ZOgu to GZQu. The presence of
red cells in the interstitinl space, vhich invarichly accompanied
hypoxie ocdema developmont, supports the hypothesis of mirorupture
rather than an increase in permecabilitys Since the arteriel prescure
as at the seme level during hypoxia as normoxia (vhen the pressurc
ceemed to have no direct effect on the walls), these experircnts
vould indicate that hypoxia may have a weakening effect on the
endothelial cecll junctions of arterioles, naking them riore susceptible
to mechanical failure when subjected to an abnormally ekévated prosures
The cxperiments described in Chapter I1II were mainly cuncerned
with the site and scquence of oecdema deovelopmente Histological
changes were correlated with weight geing, as an index of oedenma develop=-
rrente The preparation afforded the opportunity of separating alveolar
capilleries from the larger extra-alveoler vessels, so that cedema
development from arterial, capillery end venous compartrients could be
studied independently under static conditions. bDuring normoxia the
arterinl contribution to ocdeoma development was emkll (165.); nevertheless
the dye experirments showed that arterial vessels much larger thean
capillaries werce involved in fluid exchange. The venous contribution
to ocdema formation was considerable (46).) and even exceeded that of
capBllarics (37.) in the static situation. This surprising finding

was cupported by the relatively large size of permecble veins (up to
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759u in diamcter)e Cne rmust hewever bear in nind that this venous
contribution to ocdeman formation has been overe-estirmated when one cen-
siders the in vivo situation where venous prescure will alwvays be
lower than capillary pressurc,

These results are coipatible with Boha's obscervation (1656)
that pulrionary venules are riore permeable than capillaries. In addition
the results demonstrate the involvenent of larger veins as well as
venules in ocdenia formation whicn venous pressurc was clcevated.

The fact that vessecls other than capillaries may be involved
in fluid exchange in the lung lcads one to speculate whether their role
in ocdena development in vivo may have been underestinateds Certainly,
results from Chapters 11 and 111 provide evidence of the considerable
rolc of arterioles and small arteries in hypoxic ocdena fornation,
snother situation in which the lerger vessels (in particular vcnub‘s and
veins) may make a substantial contribution is during &cft ventituuolar
failuree Here, vhen pulronary venous pressure is elevated, there is
hypertension throughout the lung vasculature (corresponding to Zone III
in the isolated lung) and the vecnous contribution to oecdema formation
way nearly equal that of capillaries. It is thercfore not surprising
that the onset of acute pulrmonary ocdema can be so rapid in left
ventricular failure.

liistological findings reported in Chapter 1II confirm the
sequence of ocdemna fluid accunulation in the lung described Ly Staub ct
al (1667). Cedena fluid was first epparent surrounding arteries,
airvays and veins and only at a later stage (if at all), was alveolar
ocdema evident. In the Zone 1 experiments, all the oedema fluid

origitated froz cxtra-alveolar vessels, Lut during flow experiments
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it will have also originated fron capillaries. It is of interest that
staub's sequence still applied during the Zone III flow situntion of
raised venous pressure (and therefore cleveted cap@llary pressure), .hen
one night expect capidlery transudaticen to be considerables It nay
therefore be concluded from the pre:ent recults that initially fluid
from the ceapillearies drained into the interstiticl space, vhere,
perhaps drawn by the negative interstitial pressure round conducting
vessels and airvays, it tracked retrograde towards the hilum to
accurulate in the perivascular and peribronchial spaces. Simultoneously
there may have been sorie direct leakage of fluid from arteries and
veins into the perivascular space, so that fluid of capillary origin
would accumulate togoether with fluid fron extra-alveolar vescels.
Assuming oedena accunulation to be in excess of its lymphatic drainage,
the interstitizl space would become filled, and only then would one
expect fluid filling of alveoli and airways.

since oedema fluid is histologically detectable in the lung
with only a relatively sxall gain in lung weight (4-6.:), it would be
of interest to know whether the prescence of small quantities of
interstitial fluid affects lung physiologye If some change in lung
function could be detected at this carly stagé of pulmonary oedema in
patients, then appropriate treatment might ppevent the development of
an acute situation. In many clinical centres radioactive gas technigues
have becume zlnost routine as a rethod of assessing the ventilation
and blood flow aspects of lung function., Using these techniques,

$he norrmal distributions of ventilation and blood flow have been
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established in patients (Milic-tmili et al, 1966; .est ct al, 1960)

and vertical isolated lungs (<ardini ct al, 1966; ./jest et al, 1964). It
is also known how changing certain paremecters such as lung volume will
affect the patterns of ventilation and blood flow (Sutherland et al,
1968; tlughes ct al, 1968). In Chapter IV I have investigated the
effect of controlled armounts of intefstitial oedema on the distribution
of ventilation in a vertical isolated lung preparation. Ocdema was
induced by raising pulmonary venous pressurce Distributions before
ocdema induction werce compared with the measurements made after a 20

or 30%: gain in lung weight. The changes in ventilation distribution
wore less marked than ghose shown by the blood flow, but both were to
some extent diverted away from ocdematous arcas in the dopendent regions
of the lunge. DBasal mismatching of ventilation and blood flow was
cvident in the presence of interstitial ocdema and was cexaggerated at
low lung volumes, presumably because of more widespread airwvay closurce
The reversible arterial hypoxaemia associated with carly ocdema described
by Said et al (1964) may well have been ccused by airway closurce
Hyperinflations returned the A-a gradiicnt to normal by rcopening
previously closed small airwayse Distribution measurcments made at a
higher lung volume improved basal ventilation for the same reason,

The distension of the lung was varied to gain some insight as
to how the oedema fluid was affecting the traction of the lung tissue on
airwvays and extra-alveolar vessels, thus affccting their calibre. At
low lung volumes (IPP 5 cnm “20) basal interstitial oedema greatly
affected vessels and airways, causing a marked reduction in both

ventilation and blood flow in that region. As lung volume was increased
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(TPp 20 cm uzo). the effects of the ocdema fluid were partially or
totally reversed, so that ventilation and blood flow were both
irjroved to that region. !licasurements made after fast or slow
inhalations showed that the regional airways resistance was only
slightly incrcased, but that lung compliance was nmore markedly affccted,
The results indicate that the fall in lung compliance associated with
interstitial ocdema was due to closure of small peripheral airways,
which had becorme unstable at higher lung volumes than normal because
of the oedema fluid surrounding them. It would scem therefore that
interstitial oedema inferferes with the traction of the lung tissue on
extra-alvecolar vessels and sxnall airways. Thesc changes in the
rechanical properties of the lung accompanying early oedema can be
partially or totally reversed by increcasing the lung volume; thereby
reopening previously closed lung units and increasing the calibre of
the extra-alveolar vessels, It is however of interest that changing
the lung volume did not affect the rate of fluid transudation from extra-
alveolar vessels (Chapter IlI). One might have expected the inter-
stitial preseure to be lowered by increased inflation, therecby causing
an increcasced driving pressure across the vascular walle .hether the
explanation is, as Pratt's study (1968) would suggest, in the fact
that positive pressure inflation was used is debatable, but infermittent
positive pressure ventilation docs seen to meet with some success in
the clinical treatment of pulmonary oedcnae

Having shown measureable changes in the distribution of
ventilation and blood flow associated with early oedcma in isolated

lungs, it was desirable to investigate vhether sinidret techniques
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could be applied to patients. Chapter V describes studies of the
regional distribution of ventilation and blood flow in five patients
with liver cirrhosis in whonm the presence of early oedema vac likely.
All vere suffering to corme degree from arteriml hypoxaenina of unknown
cause. The results show that their ventilation distributions were
rore cbnorral than their blood flovw dictributions, but the nett
result was grosc micmatching of ventilation and blood flow in the
lover third of the lung. Such an area of groesly unequal ventilation
and blood flow night to a large extent account for their arterial
hypoxaenin. Their patterns of ventilation are similar to thosze

chovn in the irolated lung ceries in the presence of interstitial
oedera. The blood flow distributions chowed rmich less marked

basal reduction than the icolated lung ceries and the reason for

this ic not clear. One patient (D) showed a reversal in the
reduction in basal blood flow when he increased his lung volume

fron FRC to TIC. It night seem from the studies reported in

Chapters IV and V and fron Said's obscrvations, that in the

presénce of early oedema, breathing in the upper range of the

lung voluze would improve both the ventilation and blood flow
distributions; making the overall %/é ratio of the lung clocer

to unity and hence improving gas exchange.
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Abnormalitics in the distributions of ventilation and blood
flow were shown in patients with liver ctrrhosis but though the presence
of interstitial oedema was likely, there was no definite proof of it.
The ideal group of patients in whom to examine the distributions of
ventilation and blood flow would have beoen those rccovering from left
heart failure end severe pulmonary oedema. A study at a time shortly
after the episode of hear§y failure and later after complete recovery
would be a very suitable test for the raliiocactive gas technique of
diagnosing interstitial oecdemas Further investigations along these
lines would be of valuc towards the development of a method of
diagnosing oedema in its early stages so that ultimately it would be
possible to nvoid the acute stage. Finally, since early oedema is
agssociated with arterial hypoxaemia due to gross rogionnl ventilation/
perfusion inequality, it might be beneficial to correlate the overall
gas exchange in a patient with his regional abnormalities of ventilation

and blood flow.
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ADDEIDUN TO GEZNERAL CONSIDTRATIC!'S OF FLUID EXCIANGE

The forces governing the bulk movement of water betwen capillaries

and the surrounding tissues can be summarised by Starling's Law.

Fluid nmoverent = - -
k(Pc ijla Pil +WT;1)

where k = filtration coefficient, ml/(gec.c®.rn Hg), P, = capillary
hydrostatic pressure (m Hg)'WTﬁla = oczotic pressure of plasza (&m Hg),
Pil = interstitial liquid hydrostatic pressure (ma Hg) andTTil = oszotic
pressure of the interstitial liquid (o= Hg).

Fluid exchange between the intravascular and interstitial fluids
depends on filtration and diffusion which are opposed by the colloid ozzotic
precsure of the blood proteins. The hydrostatic and osmotic forces in the
Starling equation will now be considered.

Capillary hydrostatic pressure (Pc)

Direct measurements of the hydrostatic pressure in frog resentary
capillaries by Landis in 1926 (An. J. Fhysiol. 75 : 548-570) resulted in
pressures of 14.5 en HZO and 10 cn HZO at the arterial and venous ends of
the capillary respectively. He used glass micropipettes of Sp diameter
and obtained values of anaccuracy to within a few rm Hg. His measurements
chowed that, although 70 - 807 of the arterial-to vencus pressure drop
occurred in the arterioles, 20 ; 305> of the total could be accounted for by
the capillaries. He also observed that Pc (which tended to cause passcage
of wvater out of the capillaries), was slightly less than the csmotic pressure
of the plasza proteins (tending to draw water into the capillaries), so that
there vas a net balance of forces acrocs the capillary wall. The differences
in Pc vhich he observed at the arterial and vencus ends of the capillary wvere

compatible with Starling'd.: view that these pressures favour filtration at

the arteriolar end and a balancing absorpticn at the venular end.

There are/e..



There are no direct rceacurermcnts of Pc in the lung, but prescures
reasured by fine catheters wedged in verwdes suggest Pc in the lungs to be

betveen 5-15 £z Hp (Fighman, 1963)e Since the T is about 25 rm IHg, one

pla
would expect capillary absorption of fluid to be favoured. Such net
abcorption vould rmininmisc the arount of intercstitinl fluid in the lung, thus
rrotecting the blood/pas barrier from any widening and hence ensuring raximun
efficiency in pag exchange.

Tvo reacons for Pc being g0 ruch lower in the pulronary circulation
arc that the pulronary arterial trec is rore distensible end less elastic
than the syctemic circulation. For these reasons and because vascular
resistance is less in the lungs, the systolic pulronary arterial pregsure
approxirates 25 1 Eg instead of the 120 o Hg existing in syctemic arteries.
In rwan this recults in rean Pc in the lung and eystenic circulation of about
12 and 28 r=2 Hp reopectively. Theee values apply to capillarics at the level
of the heart, and, duc to the gravitational hydrostatic gradient, they will
become greater belov the heart and less above the heart. Pc naturally alco
depcnds on the dovnstrean or venous preesure (Pv) and ic rapidly elevated with
raised Pv' Alterations in the calibre of arteriec in particular will raisce Pc
vith varodilntion and lower Pc with vococonstriction. It will follow that,
providing the other pararmeters in the Starling equation remain cornstant, an

irercase in Pc vill favour filtration and a decrcase vith favour abrorption.

Interstitial liquid hydrostatic precsure (Pil)

It is nov recogniced that total interstitial pressure ic made up of
the cun of the liquid pressure and the colid pressurce (Guyton et al, 1971).
In conncction with Starling's lav of capillary cxchange, ve are pricarily
concerned with the liquid pressurc corrponent (Pil)'

Early meacurerents of tiscuc liquid pressures rmade by licllaster
(J. Expt. lode 84 ¢ 473-494) in 1946 using a necdle inscrted into the
cubcutancous tiscue of mice and man gave values betwecen OJb=4,9 = He.
liore recent reasurcnents rade by Viederhielm (The Pulrmonary Circulnfion and
Interstitial Space, Univ. Chicago Precs, pp. 29=L0, 1969) in the sub-

cutancous tissuc of bat wings gave an average Pil of 1.25 n Hg.



Thesr positive valucs of Pil

different techniques, in vhich Pil vas invariably negative under normal

contrast 1ith subsequent meacurcments using

conditions. licgative values of -6.4 mz Hp and -9.5 rm Hg were obtained by
Guyton (Circ. Res., 16 : 452-4€0, 1965) and leyer (1568) in perforated

capcules chronically implanted into subcutaneous and lung ticcue respectively.
Other vorkers (Scholander ct al, 1968; Laderaard-Pederson (Circe Rese 26 ¢
765-770, 1970) and Snarhall et al (Clin. Sci. 41 ¢ 35-53, 1971), using a cotton
vick planced into cubcutaneous ticcue of a large variety of spceics, have found
P, to be betveen =2 and -6 rm Ege The conflicting positive and nepative
results can be reeolved if the positive pressure ecffectc of the £0lid tiesue
clczernts are taken into account (Hughes, Bull. Physio-path. respe 7 3 1055-
1123, 1971). It ic likely that needle reasurecents represent a mcasurcrient
of totnl interstitinl precsure, including the solid and liquid components,
vhereas the capsule arnd wicl: techniques reasure only the liquid component.
Thercfore Pil is alrost certoinly negative and possibly rore negative in the
Jung than in other ticsues. A nepative pericapillary preccure will tend to
favour filtration of fluid out of the capillaries, but in the lung, even the
cerbired values of PC and Pil ray not exceed tﬁo balancing abcorption effect
of the ocrotic precsure of the plasrma proteins, £o that net fluid roverent
under rorral circumstances vould be minimal,. Pil in the lung has bteen chowvn

by lieyer et al (1968) to be rore negative at high lung inflation end to

becoze popitive in the precence of pulmonary oedera.

Oc=otic precsure (-7 )

Vhen tvo aqueous golutione of the same colute, but of different
concentrations, are separated by a scmipermeable rezbrane, a force called
ormotic prescure operates to drive e£olvent through the merbrane from the less
concentrated colution into the rore concentrated solution, eo that the
colutions tend to become equal in concentration, The ocrmotic preccure of a
given ecolution ic directly proportional to the solute concentration in
roles/litre and the abeolute terperature, Thisi;allcd Van't Ioff's Lavw
(Z.physik.Chere 1 ¢ 481-508, 1887) and is generally writtens-

=C T
-lT BT \.'hC‘I‘C/ooo



vhere C = concentration of solute in roles/lit., R = ras constant (0.082)
and T = aboolute temperatures Since equirolar dilute solutions of
differcnt colutes at the sarme terperature have the sarme oegmotic pressure,
orrotic pressure is determined by the nucber of rolecules of colute
present in unit volume of solute. From Van't Hoff's equation, blood
plagza vould have an oszotic prescsure of 7.9 atrospheres, assuming that
capillary valls vere perfect scripermesble merbrancs (di.c. pereeable to
vater only). Because biological rerbranes are permeable to roct solutes
as vell a5 to vater, they do rot behave oo a physical chemist's definition
of a seripermeable rcerbrane, This meane that the total oszotic pressure of
the body fluids arc rot ranifested ac actual pressures. An cxpression
"ocmotic reflection coefficient” - was introduced by Staverman (Rec. trave
chinm. 70 : Zhka352, 1951) for the rodification of Van't Hoff's equation to
irclude lenky rerbranes. The value of 7 rangec frorm unity in the perfcct
ccniperreable rerbrane to less than zero in one where the robility of the
colute exceeds that of the golvent. Van't Hoff's equation therefore becomes
7'=CR T~
vhen biological merbranes are being considered.

Only the plasrma proteins, vhich are not freely diffusible through
the capillary rmecbranes, contribute a reasurable osrotic pressure in blood
placza and this is of the order of 25 rm Hg (Landis and Pappenhicinmer, 1963).
f”hla is often referred to as the '"colloid oerotic preesure" or '"oncotic
precsure', Bccausce of their osmotic pressurc, the plasma proteins play an
irportant yrart in the regulation of the distribution of vater in the body.
Albumin, vith a rolecular weight of 69,000, ic the chief osrotically ective
protein in normal parralian plasca end contributes about 65 of the total
. The globulins, vith molecular weights ranging from 45,0C0 to

ﬂpla

1,CC0,C000 contribute a further 159 to TTpla and the rest of the total is due

to unidentified comporents.
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Placma docs rot, hovever, behave as an ideal fluid vith rcgard
to its oexftic precsure, and hence it became nececeary to include further
rodifications to Van't Hoff's lav to account for specinl pherormena
cxhibited by the plaema proteinse The deviations of plaema from an
ideal fluid are talien into account by the ocroticcooefficicent. This is

thie ratio of the rate of change of the ocrotic preesure to that of the

/

. [dn . . . .
conccntratlon(aa}. In the placza there is a disproportionate increase
!

in the colloid oczotic preesure for a given increase in concentration
and hence the deviation from Van't Hoff's lav), co that the magnitude

of TTP is equivalent to n 120 concentration of an ideal rolute,

1a
inctead of the 7. actual concentration of proteins. The oszotic
coefficient is therefore high in placsmas It follows that the
arplification of osmotic forces in placma has a distiret advantage in
raintainirg alconstnnt blood volure., In tissue fluid we have the reverce
situation in that the ocrmotic coefficicnt is lowv and the forces draving
f£luid into the tirsuec are therefore e-all. As fluid pesces from the
vaccular corpartrment into the tissue, the plasma proteins are concentrated
to give o force restorirng fluid to the blood. Apain, the restoring

force (7Tp1a) as the proteinc become rore concentrated is dicproportionate
to that vhich vould occur if plecsra proteins behaved as ideal eolutes.
Thigs disproportiorate increase in tho'ﬁbla as a function of protein
concentration can be partly explained by twvo phenormena, First there is
the Dornan Effcct (Cheme Reve 13 73-90, 1924) which states that if the
necbrane is irperrecble to one of the golutes, the concentration of the
diffucible eolutes vill be lecc in the eolution vhich contains the non
diffusible rolute. Applied to the capillary, the ron diffusible colutes
rcefer to the placma proteins and the diffusible solutes to all the freely
diffusible componcnts in placma, vhich will be discusscd in a section on
diffucion. The second cauce for the deviation of placma proteins from the
Van't Foff's equation is the existence of electrostatic interactions
betucen protein rolecules and betueen protein and ealts.
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Alrost all the rerarks concerning osmotic pressurce have so far
been directed ot the plaema proteins, but the interstitial liquid osmotic
pregsurce (TTil) ray also have a role to play in capillary fluid cexchange.
Its protein content is unknown, thourh indirect estimates rmade fron
lyrrh samples from o varicty of cites have indicated interstitial liquid
can have a concentration from 0.1-5% liiccrocchi and Apostoni (J. Appl.
Phyciol. 30 : 208-213, 1971) have found protein concentratiorns in the
rleural fluid of dors and rabbits of 1.C5 and 1.33’ respectively.
Paprenheirer and Soto Rivera (Am. Jo Faysiol. 1952 ¢ 471-491, 19L8) and
Levine et al (1967) have cctirmated Ti,

il
lirbd and lung tissue. ILunde and Vaaler (Jo Pnysiol. 205 : 1-18, 1969)

to be atout S 2 NI in both dog

have postulnted a ruch higher value for 717,, in the lung (up to 20 mm Hre)

il
vhich vould strongly influence pulrenary fluid balance,

Filtration cocfficient (k)

The constant k irn Starling's equation determines the rate at
vhich fluid pacses from the bleed into the interstitial space or vice
verca. lieasurerments of k have been made in single capillariec in e
rucher of specices including frogs, rats, robbits, cats ond dogs.
Nicrozanipulatiorn techniques vere used by Landic in 1928 (An. J. Fhysiol.
62 : 217-238) to test the validity of Starling's hypothesis. IHe choved

that vhen Pc excecded 12 cnn H.O, vater left the capillary and vhen Pc

2
vas less than 10 cnm HEO' then fluid vac reabeorbed from the interstitial

spacc. IHec concluded that between these tvo levels of Pc' there was no

fluid rovenent and thereforc a balance between 1rp,, and P_. Londis

took this result as evidence that capillary valls are rclatively
irperzeable to plaema proteins. The values of k vhich he computed fron

the slope of the straight line resulting from plots of fluid rovenient

against P - Trplo vas 0.0056/113 of fluid per scc. per,u2 of capillary

20 difference betuecen Pc and "pln'

found a higher value for k in irolated dog lungs (0.070), but a eimilar

vall per cm H Gaar ct al (1967)
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straight line relationship betuveen fluid rovement and PC - 7Epl‘ once
PC had been raised above 25 rn Hg (the value for T[pla)' In icolated
rabbit lungleundc and Vaaler (1969) found that a left atrial pressure
in excess of 10 1 I resulted in extravacation of fluid.

The capillary filtration cocfficient can be nltércd in a
rnurber of wvays. FYor cxample, increcasing PC vill increasc the filtration
area as vell ac the driving pressure and hence increace filtration.

A f2ll in blood tezperature will deercace k since it is a function of
the placma viescosity. Capillary injury vill cause vacodilation as
vell a5 altering the cembrane permeability characteristics, both
resultirg in increaced filtration. Another conscquence of injury ray
be an overall incrcasc in the porosity of the capillary vall, cither

by wvidening of exiesting pores or by the creation of new pores fron

£aps appearing betveen daraged endothelial cells.

Diffusion

It has already been pontioncd that, of the rany constituents
of blecod, the placma proteins make the only significant contribution to
the ocmotic preccure. This is because 21l the other components can
exchange vith the pericapillary fluid by diffusion. These diffusible
componcnts fall into two groups: the linid coluble rolecules like O2
and 002. cnd the lipid incoluble rolecules like water, sodiun chloride,
glucose and urca. It has been suggested by Pappenheirer (Physiol. Reve
33 & 287-h23, 1953) and others that the cntire surface arca of the
copillary wall is available for diffusion of lipid soluble rolecules,
vhereas the arca for diffusion of 1lipid ineoluble rmolecules represents
only 0.4 of the total arca of the capillary wall. There is good
evidence that this 0.1 arca ic in fact composed of aqueous channels
betuveen endothelial cells and these pores, as they are usually called,

vere found by clectron microscopy (Fawvcett, D.V. Urbana, I1l. Univ.

I1lirois Prees, 1959) to be about 90 { wide and 0.5 = 1u in length.
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Before considering the éifferences betwen diffucion of lipid
roluble and lipid incoluble roleculer o few general comments can be
rade vhich apply to both, The rate nt vhich rolute molecules diffurnc
is dircctly proportional to their concentration (moles per litre) in
the rolvent and the temperaturce. Diffusion thercfore takes place to
rmix colute and colvent, ro that vhen the concentration of a substance
in a £olution varies from one recpion to arother, there will be net
rovezent (f1w:) of particles frow regions of high concentration to
regions of low concentration, Tor a given concentration gradicnt,
the flux will depend on the eosc vith vhich the roleccules rove throurch
the £olvent. That is, the lees frictioral resistance, the greater the
flur, TIrictiornnl resistance to a molczule vill deopend on the eize of
the rolecule and the viceosity of the diffusion rmediurme Iarge roleculec
1111 have higher frictional recictance than rmall colecules and hence
rore difficulty in diffucing. The reacure of the case of rotion i;
cnlled the diffusion cocfficient (D). Thece principles may be cutmarised

in Ficl:'s Lawv:

dn dC
.(-],-E:DAE:‘?

-

vhere %% is the flux in unit time, A is the cross-cectional area and'gg
the concentration gradicnt.

The emall, lipid eoluble rolccules éiffuse via the cndothelial
cellrerbranes and their diffusion is £o rapid as not to be a liniting
factor in exchange rates under normal circumstancesc. Only during heavy
evercice (vhen the blood transit tice is greatly decreased) or at
eltitude (vhen the diffucion gradient for 02 it reduced) may the blood/
gos exchange rates beceme limiting,.

Diffusion of lipid incoluble rolecules is a function of

rolecculsr size relative to pore sizey Tor a molecule as small ac water,

diffusion/eee



diffusion throush porcs of 90 ? diareter will be completely unrestricted
and therefore very rcpid, but for larger rolecules the diffusion rate
vill increasc rapidly as pore radius increascse In order to estimate

the rean pore dircensions, the fellowing formula is useds

- /87«1:

P
vhere T is the mean pore radius,‘q the viscosity, k the filtration
cocfficicnt, A” the arparent rore area as determined by diffusion
cxpericents using labelled vater, and fix the path length throuch the
rorce. The upper linmit of rore size pay be estirated by the size of
the largest rolecule vhich just fails to paes through the rerbranc.
This procecs of restricted diffusion of lipid incoluble rolecules
through pores hzc been called '"rcolecular sieving". Karnovely (J. Gene
Physiols. 52 : 64=955, 1968) has shovm that rolecules up to a molecular
veight of 10,000 arc only roderately rectricted. Iarper molecules lilie
albumin (177 = 69,000) are very restricteds Hovever Karnovsky (1966)
and others have cvidence for the existence in capilleries of an
additional set of larger but fewer pores of about 2,000 R vide.
These larger pores could be of considerable importance in capillary

fluid eszchange becsuse they vould allow placmz proteins to leave the

It vas sucrested by Lendis (196L) that there might be a greater nuzber
of lerge pores in venules thon in true capillaries, vhich could explein
the pradient of increasing permeability along the capillary first

dcseribed by Rouc et 21 in 1970,

Sorc featurcs of otructure and physiolory opecific to fluid exchange in

the lung
The pulmonary capillary bed ic the rost concentrated in the

body and its surface arca in adults has becen estimated to be betueen 6580
square retres (Veibel, The Pulrmonary Circulation and Interstitial Space,

Univ. Chicapo Press, ppe §-25, 1969). Thic tremendous surface area is

rrirarily/ee.



rrirarily irrortant for efficient gas cxchange vhich is further
facilitated by the very thin blood/pac barrier (mcan thickneess C.5u).
The endothelial cells, vhich form an uninterrupted lining te the
capilleries, have pores of 1C0-2C0 £ in diamcter betveen adjacent
cells (Schnceberger and Kernovoky, Je Cell Biol. 37 @ 781-703, 1S68).
In younc cheep lung capillaries Boyd et al (J. Physiol. 201 @ 567-5E8,
1¢£9) found evidence of pores of (0 £ rean diameter. large pores of
ur to 1,CCO £ wvide, first deseribed by lajno and Palede (1951) in
ruccle capillaries, ray alco be preesent in lung capillarics.
Schneeberper and Kernovelyy further demonctrated the exictence of numerous,
dercely arranged pirocytotic vesicles in the pulronary capillary
endothelium, vhich vere recronsible for come trancport of £zall protein
rolecules acroes the capillary wall.

thercns the pericapillary interstitial cpace it norrmally cmall,
being betveer 160 § - Su vide (Cottrell ct o1, 1067), in pulronary
cederma it becomes distended by accumulnted fluid., lican alveoler uall
thickness vus chovn by Stoub et 21 (1057) to incrcase to ac ruch ac %n
in the prescriee of oederma. It ic of interest, howvever, that the irncreace
in thiclnecs of the blood/pas barrier did not reduce the diffucing
canacity of carbon ronoxide, suggesting gac cxchange vas unirpaired.
In rost caces of clinieal pulronsry ocdema the ultimate cause is en
clevated capillary hydrostatic prescure bringing about excessive
filtration. £€alt vater drowvming is an cxtrerme form of pulronary ocdema
brourht about by the high concentration of godium chloride in the vater
filled alveoli. There is massive movezent of water out of the vaecular
comrartreont resulting in a rapid increase in corcentration of the blood
conctituents., Frech vater drovning ic alco brought sbout by a large
concentration gradient across the blood/rpas barrier, but in this case
vater roverent is into capillaries, ccusing haerodilution and lysis of
red eclls, Therefore, in the rapid fluid cxchange involved in drovning,

all the advantages of the blood/gac barrier become dicadvantages.
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