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Abstract

The forces governi ng f 'lui d movement were

j nvestì galed, f or whi ch an opt'ica1 method to measui^e

transvascular flujd flux independently from weight changes was

deveioped. Validation of this method was performed and the

results 'indicat,ed that there was no significant diffei'ence

between fiItration measured by Iaser colorjmetry or weight

changes. Transvascular fluid fjltrat'ion was then compared in

exc.i sed can i ne I obes by th ree methods ; we'i ght , samp 1 e

m.ìcrohematocrìt, and .laser colorimetry. In Section I,

measurements were made before and after lung iniury had been

induced with ole'ic acid (0.15m1 ). When rates of linear rreight

gain were compared to measured filtratjon from samp'le

microhematocrit, or laser colorimetry there was no significant

difference between methods either with or without oleic acid

added to the system. It was concl uded therefore t'hat

transvascul ar fi ui d fl ux coul d be character.i zed by the

relatjonshjp constant fluid flux (Jv), to vascuiar pressure

( Pc ) , and that Jv coul d be obta'ined t.o* ei t'her I aser

colorimet ry or I inear weight gain. In section Il, the relat'ir¿e

contribution of alveolar and extra-alveoiar vesseis to fluid

exchange was investigated. Pc(crit), the point at whjch the

forces across the membrane are 'in balance, \:'/âs affected by
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changes i n al veal ar press,üre. The si gn'if i cance of tl're extra-

alveolar '¡essels in Li ansvascu'lar f lu'ìd f iux was questioned'

Th'ìs suggested the'importance of the a'lveolar vessels'in

transvascular f'lu'id f'1ux, and suggested the possib'i lit'y of

flujd exchange wìth the ajveojar space from the onset of a Pc

change. In section IIT, the effect of col joid force

manipulation on flujd flux was examined 'in norma'1 and injured

jobes in which the macromolecu'le Heyastarch was used to

increase the "effective" oncot'ic pressure' Hetastarch

increased t,he Pc(crit) of norma'ì 'lobes f rom 10.1 t1'0 to Å'4'2

10.6 cmH20 (p<0.01). Following olejc ac'id Pc(crit) fell from

10.1 t1.O to 4'5 11.9 cmH2O (p<0'01), wjth edema forming at

very iow capjllary pressurês. \¡|'jth the addjtion of Hetastarch

pc(crit) rose to 12.6 10.3cmH20 (p<0.001), wìth reabsorpt''ion

of edema occurrìng at normal capì11ary pressures. The results

suggest that oncotic therapy which jncreases Pc(c¡it) above

pc may play a role in producing reabsorption of pulmonary

edema in the cl inical s'ituation' I
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T NTRODUCTTON

Historical Background

Transvascujar fluid flux in biologìca1 systems has been

the focus of much investìgation in the past one hundred years,

however, many areas of controversy sti 1'l remain. The cl inìcal

correlates of pulmonary edema, resulting from either eievated

hydrostat'ic pressures or al tered permeabi I ì ty cont'inue to be

a s'igni f i cant cause of pati ent morb'idi ty and mortal i ty ' Tn

order to effect further developments in the treatment of

pu'lmonary edema one must f irst have a thorough understand'ing

of the f actors that govern f I ui d movement i n bi o'ìogi ca1

systems.

The initial postu'lates of how f'luid moved through

capi 1 l ary membrane systems were qua'l i tatì ve1 y outl j ned by

Starl ing in 18g2. He suggested that flujd flow through

capì I laries was a pass'ive process, and that the energy for

thi s f I ow resu'lt,ed f rom the di f ference between hydrostat'ic and

oncot j c preSSures ex'ist"ing j n the pi asma and t'issues ' The

magn'jtude and direct'ion of fluid flux refjected these

i mbal ances. Starl ì ng al so demonstrated that f l ui d reabsorpt'ion

f rom the t.issues was determ'ined pri mar j 1y by the transvascul ar

oncot'ic grad j ent wi th ti ssue hydrostati c pressure pl ayì ng oni y

a mi nor rol e , These nove'ì hypotheses remai ned qual 'it'at j ve f or
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tosome th i rty years unt'i I quanti tati ve expelimenta j ev i dence

support these hypotheses emerged.

1 ) F'1uid Movement 'in Sìngle Capi I laries

Fluid filtration was first studied in single capil'laries'

Landis descr jbed transvascular f luid f 'lux in the capì I laries

of frog mesentery (1g27). Fluid movement was determ'ined in

single vessels that had been cannulated at one end to aljow

occ'lus.ion. The capi '1 l ary hydrostat'ic pressure was determi ned

dì rect'1y by m'icropuncture techni que usi ng a gl ass

m.icropì pette. Land'is observed that, 'in some cap'i I I ar.ies red

cel I movement was towards the site of occ'lusion whi le in

others it was observed to be away from the site of occlusion'

He concluded that the observed movement of red cel'ls was due

to the transudation of fluid out of o1into the capillary'

Land i s then measured the j n'it'i a1 rate of red ce I I movement '

bef ore the prote'in concentrat'ion wi thi n the capi j I ary changed 
'

and pl otted thi s agai nst t,he measured capi 1 
'lary pressure f or

a group of individual experiments. when the transvascular flux

was expressed per unit area of the vessel as a functjon of the

capi l lary pressure a I inear relatjonship was obta'ined' This

was cast i nto the equatjon summari zi ng the forces that

Stari i ng had prevìous1 y descri bed:



Jv = K.f thydrostai-ic pressure gradient - oncotìc grad'ienll ( 1)

He had also demonstrated that flux was bidirectional, either

j nto or out of the capi I I ary. The pressure 'intercept of the

f j ltrat.ion prof i le represented the po'int where the hydrostatic

capi'l l ary pressure and oppos'ing oncoti c grad'ients were j n

bal ance, w'ith no f I ux occurring. Thi s pressure was between

7-14 cmH2O, and corresponded to the col lo'id osmot'ic pressure

wh j ch had p rev'i ous I y been dete rm i ned by i ndependent

investjgators in t,hat species. (Wh'ite, 1924)

2) Flu'id Movement 'in Mammal'ian Capillary Beds

Extens i on to pe rf used mamma'l i an t i ssue was f i rst

presented by Pappenhe'imer and soto-Rivera using isolated cat

and dog hjndlimbs. (Pappenhe'imer, 1948) They used the concept

of conti nuousl y we'ighed. preparati ons of i sol ated t j ssue ' 'Any

measured increase in hindlimb we'ight was taken to reflect

formatjon of edema and converse'1y net weìght 'loss taken to

represent edema reabsorption. (Danìe'l ii, 1940) Their data

supported the contention that transvascu'lar f'lu'ìd flux was a

linear function and was bidirectional in nature around a

sing'1e isograv'imetric capi 11ary pressure that could be

determined for each exPerìment

1
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3) Starl jng Equatìon

These pri nci ples el uci dated theoreti cal l y by Star'l ì ng and

supported by exper i menta'l data have been cast i nto var i ous

numerical forms. Volume flow (Lv) across an exchanging area

was summarized by Kadem and Katchaisky as:
:_.J
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(2)Lv = Lp(ÀP o¡n)

i n wh'ich Lp descri bed the hydrauf ic conducti v j ty of the

membrane (cm5 /dyn/s), ¡ P, ôtr the average protein and oncotic

grad'ients across the membrane r^ri th si bei ng the average

reflection coefficjent to protein of the membrane' For any

bìo1ogìca1 system the Lp is d'i rectly dependant on the surface

area for exchange, and when considered it may be cast the most

fami I iar form of the Starf ing equation:

Jv = Kf t(pc Pt) o'd(nc nt)l (3)

The opposing hydrostatic and oncotic gradients are agaln

mod'if i ed by two membrane properti es the f i I trati on

coeffi ci ent, denoted Kf, and the membrane refl ecti on

coefficjent, to Protein.

i-,-l::a:
f.:'-:
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3) Membrane Properties and Fluid Flux in Pulrronary Tjssue

i ) Fluid Fi ltrat'ion Coeff icient (Kf )

The quantitative measurement of Kfs in the lung has been

the subject of much research. Yarìous methods have been

described to measure Kf wjth a 1,000 fold range 'in the results

obtai ned.

a) Gravimetric techn'iques

The f ì rst determination of Kf was obt,a'ined using a

gravimetric method in intact animals (Guyton, 1959). Left

atriaj pressure was increased for 30-180 minutes after which

the ìungs Were removed. Edema was calculated from pu'lmonary

wet we'i ght d ry we i ght measu rements . The rate of edema was

obtained from dividing the edema accumujated by the t'ime of

the pressure e'levati on. A pl ot of rate of edema f ormat j on

versus left atrial pressure demonstrated that edema formation

was Zero unjess the left atriaj pressure exceeded rtc. Above

the "cri ti cal pressure" edema f ormed 'in a 'l i near f ash j on and

Guyt,on and Lindsay calculated Kf as the change in rate of

edema f ormati on di vì ded by the change 'in I ef t atn'ial pressure '

Sjnce that time other investigators have used modificat'ions

of thjs method 'in both excised lobes (Ehrhart, 1984) and in-

situ preparatjons (Drake, 1980). These experiments jnvolved

I
l::;-



contÌnuousiy r+eìghed preparations in whìch step changes 1n

pressure (Pc) were introduced and constant rates of weight

gain at varyìng Pc determined. Kf was obtained from the change

j n rate of constant we'ight gai n di vi ded by the change i n Pc '

One disadvantage of these methods was that long tjme periods,

somet.imes exceeding 30 minutes, were requi red to ensure I inear

rates of weì ght gaì n . Another potenti al probl em was tlrat

relat'ive1y 'large f 'ì ltered volumes were accumulated during K't

determinatjons usìng this method. l¡/jth greater than 40-549'í

in.itjal wet weight f'luid flux the measured Kfs have been found

to jncrease significantly compared wjth those obtained from

smaller fi'ltered vo'lumes (Drake, 1988, Hancock et à1 , 1gB9)'

b) Weight Transient Technìques

These techniques attempted to measuring fluid flux (Jv)

before any change ìn Pt, otr nt had occurred. These techniques

utilized excjsed contìnuously weighed preparations (Gaar et

â1, 1967, Drake et â1., 1978). The method Was based on two

assumptions. Fi rst, that excised lobar preparations under

basel jne conditions were in an 'isogravimetric (no net weight

change ) state f o1 I owi ng readjustment 'in starl i ng f orces. Thi s

has recentì y been questi oned by the demonstrati on that 'lobar

preparati ons conti nue to ga'in wei ght, taken to represenf

transvascu'Ìar flujd flux, under basel'ine conditions (Hancock

et, a1., 1989). The second assumptìon was that followìng a step



ìncrease.in Pc vascujar vojume changes occurred, wh'ich were

relatìvely short I ived, after which fluid fi ltration occurred

as a monoexponential f unction untj'l a new 'isogravimetric state

was reached. Extrapolat'ion of this funct'ion to time zero was

used to calculate the jobar Kf. However, stress relaxatjon of

the pulmonary vasculature has been shown to occur (Sarnoff et

ã1.,1952), and any vascular volume changes that occurred

during th'is time period would have led to a signif'icant

overestimat'ion of the Kf measured'

c) LYmPhatic Techniques

This method involved cannulation of a maior lobar

1 ymphat i c channe'l and assumed that the measu red I ymph f I ow

equalled Jv (Erdmann et al ., 1975, M'ichael et a] ., 1977) ' This

method used assumptions regarding transmembrane gradient

values to solve the stariing equation for Kf but unfortunate'1y

has yìe1ded inaccurate, highly variable results.

'i i ) Pc(crit)

Both Land.is, and Pappenheimer had described bidi reclional

f I ux around a poi nt at wh j ch the starl i ng f oi ces i^/ere i n

balance. Th'is was mod'ifjed somewhat by other jnvestigators

using the pulmonary mode1. In the lung Guyton and Lindsay

(1959) had noted that at left atrial pressures below plasma



oncot j c pressure 1 i ltl e edema accumul a|ed 'ìn the I ung '

However, above what they called the critical pressure' which

was rel ated cl osel y to pj asma oncoti c pressure, edema

accumulated in a linear fashion. Drake (1980) defined the

Pc(crìtical ) as the max'imum capì I lary pressure at wh jch 'iung

we'ight coul d be ma'intai ned constant. In the 'in-si tu

preparati on total I ung wei ght change w'ith t'ime ( S ) equal l ed

the difference between Jv and lymph flow (Jl ):

S = Jv J]

pc(crìtjcal) resulted when s=0, and was shown to be related

to three comPonents:

Pc(crit) = (Jl (max)/Kf ) + pt + o(nc nt) (5)

The first component Jl/Kf was the pressure difference across

the pulmonary membrane that led to transvascujar f'luid flux

equal to the maximal lymph flow rate. The second was the

maximum downstream pressure assumed to be pt. The thi rd

component WaS reIated to the "effective" oncotic pressure

grad.ient across the pulmonary membrane. The relative

ìmportance, and magnìtude of each component has not yet been

add ressed .

(4)
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Tllis anal ysi s must be modi f 'jed f or delermi nat'iotrs of

pc(crit) jn excised'lobes. Differences in measured Pc(crit)

i n exc.ised I obes ( Ehrhart, 1 984 ) as wel I as those tc be

presented can be explained in large part by maximal lymphatic

flow rates (Erdmann, 1975, Drake, 19BO) that would offset

transvascular fluid flux occurring jn the in-situ preparations

desp.ite i sograv jmetrì c condi tions. In the i so j ated condi ti on

only two of the components described above wou'ld be present:

Pc(crit) = Pt + o(nc - Ttt)

under fi ltration ìndependent conditions, durìng whjch

djffusion would be small relative to convective component of

f 'luid f lux, ftt should be equal to ( t o') times the plasma

protei n concentrat'ion ( Drake, 1988 ) . Substi tut'ing i nto

equat-ion (6) for nt:

Pc(crit) = Pt * oz x Ttc (7)

The 'importance of the bidi rectional nature of transvascular

f 'lu-id f tux around the Pc(crit) described initial ly by Landis

(1934),andsupportedbyPappenheimer(1948)hasbeen

overloot<ed'in the study of pulmonary physìology' As shown ìn

Fjgure 1 in the excised lobar preparatìon fj ltration and

reabsorpt'ion occur around Pc(cr.it) determìned by the above

(6)
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equatiorl. Tlrerefore to induce reabsorption of accumulateci

edema Pc(crìt) must be greater than the lobar hydros*.atìc

capi i iary pressure (Pc). The experimen+.al and cl inica'l

implications of this hypot,hesìs have not prev'ious'ly been

tested.

Fì gure 1

TRANSVASCULAR FLUID FLUX
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i i I ) Fl ui d Fi I trat'ion Measured by Hematocrl t changes

Transvascular fluid flux was shown to be reiated to

changes'in hematocrìt us'ing a equat'ion described by Weiser and

Grande (1974) where:

Vft = CirVol(iblood) x (t hcti/hctt)

wjth vft representing the f'luid exchanged aL any given

time, cirVol ( iblood) initial cjrcuit blood vo'lume, hcti, and

hctt are the'in'itial hematocrjt and the hematocrit at any time

respecti ve'ly. By obtai nì ng mul t,i pl e mi crohematocri t sampl es

th js equat'ion has al jowed accurate estimates of f ì ltered

volumes relative to red cel j concentrat'ion changes.

us.ing the pri nci pl e descri bed by wei ser and Grande a

method was developed to measure transvascular fluid flux that

ci rcumvented the requi rements of l arge f j'ltered vol umes and

was ì ndependent of cont'i nuous we i ght measu rement ' Th i s se rved

to obvjate the possìbjljty t,hat stress relaxatjon of the

pulmonary Vasculature, leading to increased vascular volume'

would significantly alter the measurements of transvascular

f 'luid f i'lt,ratjon obta'ined f rom conLinuously weighed

preparati ons.

(B)

I
I

I

i ":''{,
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Laser Colorintetrjc SYstem:

using optìca1 theory, a method was devised in the

I aboratory j n whi ch thi s work was done for the sens'iti ve

measurement of concentration changes of red cells contained

wjthin a coìumn of blood. When a beam of radiation strikes any

object the energy may be modified in a number of v/ays. The

radiation can be absorbed, scattered, transmitted, reflected,

olit can exci te f I uorescence. The devi ce used f or the

quantitative determjnations of f'lujd flux makes use of the

first two principles. As edema forms in a hemoperfused lobar

cì rcui t, si evì ng wi I 1 occur at the pu1 monary exchange

membrane. The edema formed under normal ci rcumstances wi I '1

I argel y excl ude red ce'l j s f rom the transvascul ar exchange

l jqu.id. Therefore, as egress of f luid occurs the concentration

of red cel ls in the ci rcuit (hct) wj 1 1 be increasing, and

conversely as reabsorption occurs the hematocrit will fall'

Accurate measurement of these changes in hct woujd allow

determinat-ion of Lransvascular fluid flux. Quant'itat'ive

anal ysi s of concentrat'ion changes can be obtai ned f rorn

absorbance measurements. The Been-Lambert Law states that the

concentratì on of a substance i n sol uti on 'is dì rectl y

proporliona'l to the absorbance of that solut'ion. This law

applies only to monochromatjc light and is descrjbed
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mathemati cal I y as fol lows:

logxT = kcl (9)

where A i s absorbance for any substance j n th'is case

hemoglobin, T represents transmìttance, k the coefficient of

exti nct.ion, j the l ength of the 1 i sht path, and c the

concentration of absorbìng solution. The situation for

hemoglobin is somewhat more compjex because saturation of the

hemoglobin moìety will influence the observed absorbance

changes. For thi s reason an i nf ra-red I aser di ode produc'ing

monochromatic f ight at a Wavelength of 81$nm was chosen as

th'is is the isobestic poìnt where the spectra for absorpt'ion

of hemoglobin and oxyhemoglobin overlap (Oppenheimer, 1987).

The isobestic poìnt represents the wavelength at which changes

in saturatjon wilj not affect the absorbance changes. scatter

wjll ajso play a significant role due to the corpuscuìar

nature of the red cell but provided the changes are jinear the

si gnal cal 'ibrat j on wou'ld be unaf f ected. A 100 mþl cw j aser

diode (Spectra Diode Laboratories) generating coherent light

at a wavelength of 81 5nm was used to track changes i n

hematocrit. Tn order to al low quantitative tranvascular f lu'jd

flux measurements a calibratjon procedure that $/as performed

p r'ì o r to eve ry expe r i ment was dev ì sed '
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Cal i bralion of Laser S'igna'1

The I aser si gnal was al I owed to stab'i I i ze to a steady

drift free sìgnal , which required approx'imately th'i rty

minutes. Aliquots of five mls. of pìasma were obtained from

canine cent¡ifugated blood. A series of three boluses were

introduced into the circuit via the reservoir producing a

d'i lution of t,he red cel I concentration. Once t'he 'infusion

became well mixed w'ith the perfusate' aS evidenced by a steady

laser output signal at an jncreased leve'l , the voltage change

jn the transmitted laser light was recorded. The procedure þJas

repeated for each bolus. A regression was then performed

rel at'ing mean change i n the 'log of the transmi tted voì tage

f rom the 'laser (abscissa) to the di lution (ordinate) as

represented by Fìgure 2. This cal jbration procedure al'lowed

on-line changes in hematoc¡it to be determ'ined, wìth the

calibration factor obta'ined denoted the IR Cal . A series of

experiments were then undertaken to vaì idate the techn jque.

i

I

-'l
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Valìdat,ion of the Laser Colorimetric Method

1) Val idation as a Method to Measure on-'l jne

Changes in Hematocrit

Previ ous work had demonstrat'ed the val i di ty of the I aser

device in the measurement of changes in hematocrit (Hancock

et â1., jn press).

2) Measurement of Fluid Flux

Using the prìnciple described previously and the

hematocrit val idatìon, overal I transvascular fjux was then

calculated f rom concentration changes relative to red cel'1

mass (hct) in the followjng manner:

Vf(815) = 'los(815) x IR Ca'l (10)

where Vf(815) refers to the fi'ltered vo'lume re'lative to the

815nm s'igna1 . A hemoperf used ci rcui t wi th an 'interposed

diajysis hemof i lter was used to simu jate bìdi rectional f lu'ìd

exchange. Quantjtative filtration measurements obtained

simu'ltaneously f rom hemof i jter weight and circujt hct changes

determined from the laser were compared.
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Methods

An Amicon filter was placed 'in a hemperfused circuit and

suspended f rom a cal 'i brated f orce transducer to a'l I ow

conti nuous wei ght determi nati ons. Cal 'i brati on of the l aser was

then performed. Fi I trati on was i nduced by ra'is'ing the he'ìght

of the fi jter outflow reservoi r and al lowjng fluid to

accumul ate j n the f i'lter and attached tubì ng. Fi l trati on was

allowed to continue for 20 minutes. The reservoir was then

lowered to induce reabsorption over a similar time perìod'

Flujd exchange as determjned by colorjmetric and weight

measurements was then compared.

Resu I ts

The resul ts have been summari zed f or both f i 'ltrati on and

reabsorpti on i n f igures 3 and 4. Fi gur^e 3 represents tlre

correlation of on-line determinations of fi'ltrat'ion from

weight changes (abscissa) and laser colorimetry (ordinate).

Individual pojnts were obtained at 5 minute intervals from

both methods and plotted as shown the and the resulting linear

correlat jon was high'ly sign'if icant to p<0.01 ( laser(ml ) =

weight(m]) x 1.OOZ O.122(ml),12 = 0.998)'
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Fìgure 4 data was col lected 'in a sirni lar

reabsorpticn from tlre filter. Again

significant I inear correlation to p<0

weight(ml) x 0.96 + 0.0C2(ml), r2 = Q.987)

fasllion for fluici

noLe the h i ghl y

.cl1 (cclcr(ml) =

Fi gure 4
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Consequentiy, lhe device was capable of not only

detecting small changes in hematocrit but to the extent that

hematocrjt change Wasi an accurate measure of transvascu'lar

f'luid flux laser colorimetry offered an independent continuous

measure of bidi rectional fluid exchange. The fi lter

experiments demonstrated that there was good agreement when

pure fi ltratjon, achieved usìng an Amicon hemofi lter, was

measured by standard weight or laser colorìmetry.

Sources of Error

Although the development of the laser colorimetric device

resulted in a hiShly sensitive re'l iabie method for

transvascular fluid fiux determination one must consider some

of the potenti ai shortcom'ings '

1 ) Cal i brat,'ion Error

The regressì on 'l i ne obta'ined f rom the cal i brati on vras

certaì nì y subject to possì b1 e error as was accurate

determ'ination of pìasma bolus volume. However, the hishly

sjgnifjcant 12 value, which was seen to be Very neproducible,

as wejl as the fact that the caljbration was done prìor to

each experiment served to minimize this error.
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2) Hemol Ysi s

Significant hemolys'is 'in hemoperfused circuits has been

descri bed that 'inf I uenced the f i I tered vol umes cai cul ated

(Maron, 1987). Any loss of red cells would be seen by t,he

laser device as djlutjon from reabsorptjon. At the same time

accumulation of free hemoglobin may affect the laser signals

obtai ned. The stabi'l i ty of the 815nm I aser sì gnal was observed

i n s i x exper i ments to 40 mi nutes wi th no change 'i n the

measured voltage. Qual itatjve ver.ification that accumulatjon

of smal I amounts of f ree hemog'lobin would have l ittle effect

on the s'ignal obtai ned was determi ned i n 6 experiments ' A

bolus of autologous plasma obtained prior to the begìnnìng of

each expe r j ment Was added to the c'i rcu i t and the vo 1 tage

change measured. This was then compared to an equal bolus of

auLologous piasma obtained from the circuit at the end of each

experiment after hemolys'is was ant'icipated to have occurred'

There was no djfference ìn the voltage change obtajned from

either bolus sìgnifying min'imal effect on the fluid flux

determi ned by I aser s'ignal s even when hemol ysi s was max j mal

for that experiment. Th'is was va'l idated spectrophotometrìcaì 1y

(shimadzu) at 815nm and there was virtua] ly no change 'in the

absorbance spectra due to free hemoglobin at that wavelength,

a1 thougtr the presence of some hemogl obi n was noted by

absorbance changes at, 6o0nm on the spectrophotometer.
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Quantjtative analysìs of the magnitude of hemoiys'is

that occurred i n our hemoperf used preparati on \^/as al so

addressed. However, the highly significant correlation between

wei ght and I aser f i l tered vol umes determi ned w'ith the Am'icon

fi lter exper.iments suggested relatively Iow rates of

hemojysis. Free hemoglobin was measured spectrophotometricaj ly

(Shimadzu) usìng the Cyanomethemoglobin technique (\'lolf et

â1., 1989) in three cjrcuit (without Amjcon filter), and three

'1obar experiments. Free hemoglob'in was measured at 420nm by

mixing zao pl of plasma with 5 ml of reagent. calibration

curves were constructed for cyanmethemogl ob'i n standards

(F.isher D'iagnost'ics) at the same wavelength. The exper.iments

performed lasted for three hours with hourly samples taken for

m.icr ohematocr-it and f ree hemogl ob'in concent'rati on ( FHC )

determ'inations. These resu'lts are summarized in Tab'le 1'
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Table 1

Hourly Free Hemoglobin Concentrat¡on (g . dl-t¡

Circuit Experiments

Lobar Experiments

Number

1

2
3

MEAN
S.D.

1

2
1)
\J

MEAN
S.D.

0

0.116
0.131
0.158

0.135
0.017

0.170
0.123
0.137

0.143
0.020

1

0.144
0.168
0.165

0.159
0.011

0.151
0.177
0.182

0.170
0.014

2

0.202
0.205
0.187

0.198
0.007

0.194
0.220
0.235

0.216
0.017

3

0.280
0.268
0.253

0.267
0.011

0.287
0.273

0.280
0.007
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Froni these measurements the total free

released can be determined:

FH = FHC x C'i rVol x (l hct)

where Ci rVoi was the

hemog i obi n conta'i ned i n

cal cu I ated:

hemogl obi n ( FH )

/rr \

c'i rcu i t vo I ume used . The mass of

the red cell volume (RCVH) was also

RCVH = BHlhct ( 12)

wi lh BH represent'ing the bl ood hemogl ob j n concentrati on

( gm/dl ) whi ch was obta j ned f rom spectrophotometn'ic

measurements. The measured free hemoglobi n ( FH ) was then

related to the hemoglobin content of the red ce'l I volume. The

red cel I vo'lume destroyed by hemolys'is (RCVil) was then

determi ned:

RCVH = FH x CirVol x (1-hct) x hct / BH (13)

If the RCVH is expressed as a fraction of the CirVol then the

volume of hemolyzed red cel ls as a f ract'ion of C'i rVol (Hhct)

can be cal cul ated:
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Hhct = FH x (1 -hct) x hct / AU (1,1 \

From Tabl e 1 average f ree hemog'lobi n i ncreased by 0.0441C . C09

en/d1/hr. The average blood hemoglobjn concentration in the

experiments was 12.24t1 .35 gn/d'l with a correspond'ing average

hct of 42.7!2.25%. The average Hhct was calculated to be

0.089%. This would have resulted in underestirnated

Lransvascular f luid f iux of approx'imate'ly 0.8m1/hr.

These determinations wene then repeated in three isolated

hemoperfused iobes. Pc was held constant and the lobes a1 lowed

to gaì n weì ght for three hours wi th a mean we'ight gai n of

15.73 t5.92 gms. Laser colorimetric, 17.74 t3.59 gms, and

sample mjcrohematocrit, 18.0 15.0 gffis, of fi'ltered vo'lumes

sjmjlar. Estjmates of free hemoglobin concentratjon changes

were 0.046 10.006 gn/d1/hr (Tab'le 1). Th'is suggested that

hematocri t cal cul ati ons from ei ther method shoul d have

underestimated fluid exchange aga'in by 0.8 mls,/hr. Th'is

phenomenon was obscured, when compared to weight measurements,

by any evaporative loss from the'lobar surface. Previous

estimates have suggested that evaporative ioss from this
preparatì on was i n the orden of 2 ml s,/hr.
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5 ) Hemmorhage

Another source of error wou j d have resul ted f rom si gni f 'ìcant

hemorrhage. Gross inspectìon of the jobes at the completion

of the experjments did not revea'l any sign'ificant hemorrhagic

component. However, loss of red cejls would have had an effect

on transmi tted f i ght from the l aser, and subsequent edema

caìculations, if red cel I concentration had also changed. If

we assume that the edema formed was whole b'lood this then

would have caused an underest'imation of edema formation as

measured by laser colorimetry, detected only by weight

i ncreases.

Thi s possi bi 1 i ty was expì ored usi ng data obtai ned from

the Section (i) experiments. There was a sìgnificant increase

in the pred'icted DW/Blrl ratio (tS.E. ) of 0.527 10.003 to the

observed DW/BW ratio 0.858 t0.100 whjch suggested an jncrease

in some nonevaporable substance. We then supposed, for lhe

purpose i I I ustrat jon, that the ent'i re i ncrease i n dry wei ghl

was due to hemmorrhage. By multiplying the increase jn dry

wei ght by 4.0 ( an average WW/DW for dog b]ood, Craven, 1979 )

it was found that hemorrhage could maxima] ly accounl for only

29% of the i nc rease i n wet we i ght of the j obes mak'i ng

s'ignif icant hemorrhage unl ikely.
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Us'ing the same princìp1e for protein there was much closer

agreement to lhe measured increase jn wet weìght, of the jobe

which suggested accumulat'ion of proteìn rich edema flu'id

rather than si gn'if i cant hemorrhage.

Desp'ite these potentìal sources of error the 'lasei

technique al lowed for determination of transvascular fluìd

f I ux i ndependent f rom constant, we'ight gai n measurements. There

was excellent agreement between these methods in simulated

bidi rectjonal flux usìng the Amicon hemofi lter. These

techniques were subsequently appl ied to a ser jes of exc'ised

lobar experiments. Pulmonary transvascular fluid flux was

f i rst characteri zed by construction of PclQf re'lationshi ps

f rorn gravi metri c and 'laser co j orimetri c measurements, w'ith and

wi thout l ung i njury. The factors govern'ing the bal ance of

forces ex'istìng at the pulmonary membrane were a'Ïso

investigated ìnc'luding assessment of the downstream pressure

that determi ned transvascul ar f I ui d f 'lux, and the ef fects of

oncotic pressure manipulation on a'lterìng transvascular fluid

f'lux.
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METHODS

An'i ma 1 P reparat i on :

The preparation that was used is diagrammed 'in F'igure 5.

Adu'1t mongrel dogs of ei ther sex wei ghi ng between 1 5 and 28

ki'lograms were used f or thi s study. Anaesthes'ia u/as 'induced

with 'intravenous pentobarbitol sodium in a dose of 30mg/kg

f o1 I owi ng wh'ich the an'imal s were i ntubated and venti i ated.

Foi lowing intravenous access and muscle relaxat'ion using

succinyichol ine (20mg) a left thoracotomy was performed

through the bed of the fifth interspace. After heparinjzatjon

the I eft j ower I obe artery, vei n, and bronchus were

cannulated. The animaj was then exsangujnated and t,he left

lower lobe excised.The lobe was then supported on a mesh

trampol jne with the hi lum jn t,he dependant position.The lobe

was then addìtionaliy suspended usjng EKG pads affjxed lo the

surface of the lobe w'ith cyanoacrylate adhes'ive. A suture was

then secured to the centre of each pad followìng which the

'lobe was wrapped looseìy in plastic.
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The enti re preparati on was then suspendêd f rom a Strat,harn

force transducer for conti nuous wei ght determi natjon and

placed in a p'lastic tent into which humidified air flowed to

mi nimi ze evaporat'ion. The f orcs transducer was connected to

a Vaj'idyne CD-19 carrier demodulator, and the s'ignai dispiayed

on a Brush Gou'ld 26A oscijlograph'ic recorder.The bronch'ial

cannula was attached to a hum jd'if ied oxygen source and the

lobe was stat'ica11y inf 'lated to a f ixed transpuimonary

pressure (Scm¡tZO). Lobar arterjal and venous pressures were

cont'inuously measured via pressure port catheters advanced

through the cannulas to the hilum. Pressures were measured

us'ing Val idyne MP45-1 guages, with al I signals disp'iayed on

the Brush-Gould 260 oscillographic recorder. The perfusion

ci rcuit consisted of a sìng1e reservoi r of adiustable he'ight,

to wh i ch the venous cannu I a was attached . A l'4asterf I ex

D j gistaltic pump was used to return b'lood f rom the venous

reservojr through a heat exchanger, that was set at a fixed

temperature of 38C, macropo¡ e f i l ter and then back 'into the

arterìal cannula. The animal preparatjon was sim'i lar for all

investigations wit,h slight differences that will be described

in the context of individual protocois.
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EXPERI MENTS

A ser.ies of exper.iments, div'ided into three sect'ions,

were performed to address the follow'ing hypotheses:

1) Could pulmonary transvascular f 'luid f lux be

characteri zed i n an accurate and reproduc'ible manner us'ing

laser colorimetrY ?

2) What are the factors that govern the balance of forces

that ex'ist at the puìmonary membrane, and could these forces

be man'i pu l ated ?

SECTION ( T )

Characterìzation of Transvascular Fluid Fiux
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Backg round

It .is genera'1 I y accepted that j sol ated j obe and i ung

preparations reach isogravimetric condjt'ions in which Starl ing

f orces acti ng across the mi crovascu'lar membrane ( hydrostati c

and co't 'lo'id osmotic gradients) are assumed to be in

equ ì I i br i um. The i ntroducti on of a step change 'i n

mi crovascul ar hydrostati c pressure ( Pc ) resul t,s ì n a rap'ìd

change jn weìght, assumed to represent pulmonary vascular

vol ume change, fol I owed by a s j ow exponent'ia1 phase of weì ght

change, which is thought to represent transvascular fluid

exchange 1".1v ) . The exponent j a'l character of the sl ow wei ght

gain is attrjbuted to readiustment of Starling forces opposing

further fjltration. A new jsogravimetrjc state 'is ach'ievecl if

changes in tissue pressure, associated with f luid accumu'lation

i n the pu l monary 'i ntersti ti um, successf u I 1 y bal ance the change

in Pc. If Pc is now returned to baseline, the process is

reversed resultjng in flujd reabsorptìon from the interstitium

(Gaar et al . ,1967, Drake et a] . ,1978, Taylor, 1978) ' A Pc may

be reached where th j s bufferì ng capac'ity of the ti ssues i s

overwhe'lmed and f 'ì ltration continues at a constant nate af*"er

the sjow exponentiai weight time course rs completed (Drake

et al ,1gBO). Further increases in Pc result in proportìona'1 ìy
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faster constant Jv. When Pc js plotted agaìnst JV, a ljnear

rel ati onsh'ip i s obtai ned . The i ntercept when Jv=0 'is

i nterpreted as the cri ti cal val ue of Pc ( Pcri t ) at wh'ich

Starl'ing forces are overwhe jmed. The slope is considered a

measure of the lobar conductance to transvascular fluid flux

(Kf ).

Usìng the colorimet,ric device described to continuousl¡'

measure perfusate hematocrjt from changes jn light

transmission, and assuming that changes in hematocrit reflect

Lransvascul ar f 1u'id exchange, a conti nuous record of Jv

i ndependent of vascul ar Vol ume changes was obta'ined. In

previous work in which the Pc was increased 11cmH20 from

base'l ine jn one step, JV, âS measured colorimetnìcal1y

ìncreased immediately to a constant rate (Hancock et â1.,

1990 ) . Sl ow exponentì a] wei ght gai n persi sted f or 20 m'jnutes;

thereafter, weight gain continued at a constant rate which

agreed wel j wìth colo¡imetric estimates of Jv' Ït was

specul ated that sl ow exponenti al wei ght changes may .incl ude

s'low vascu'lar vol ume changes and transvascul ar exchange at

constant rates.
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The object'ive of the present study \.vas to

explore the pulmonary fi ltration propert,ies fol lowing a series

of step jncreases in hydrostatìc pressure both before and

after the addition into the system of oleic acid, a compound

known to increase pulmonary microvascular permeabi I ity

( Ehrhart, 1 984 ) .

Experimental Protocol

Foi lowing the preparation and cal ibration procedures 13

lobes were inflated transientiy to 25-28 cmH20 ,co reduce

atelectasis and the reservoir was raised to 30 cmH20 to

recru'it the iobar vascu'lature. The lobar arterjal (Pa), venous

( Pv ) , and al veo'lar ( Pl ) pressures were mani pu'lated to pl ace

the lobe in Zone IIl. ( Pa=15, Pv=10, P1=5) The lobes were

then allowed a perìod of stabiljzation (30mins) after which

basel jne weight and cojorìmetric s'ignals Were recorded. Two

sequenti al step i ncreases i n cap'i j I ary hydrostati c pressures

of approximaLel y 5 cmH20 were 'introduced by rai si ng the hei ght

of the venous reservoir. Recordjng of the above continuous

si gnal s began wi th the pressure i ncrease and cont'inued unti I

the rate of we'ight ga'in became constant. Tnterval measurements

of tube microhematocrit (B samples), protein concentrat'ion by

refractometry (Atago, I samples), and free hemoglobin from the
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perfusate were performed on Samples from the reservoir at

base'l ine and 'Fol'lowing the second step 'increase 'in hydrostatic

preSSure. The reservoir was then returned to baseljne and

ol ei c aci d was added to the ci rcui t ( 0. 1 5m1 ) throuEh a

pressure port between the macropore f j'lter and the lobe. A

pe¡iod of t hour was a1]owed to ensure onset of permeabiIity

injury. Identical measurements of both the continuous and

interval parameters were made as desclibed above. Following

complet,ion of the expe¡iment the blood was drained from the

'1obe and a f jnal wet weight determination performed. The 'lobe

was inflated, and dried for fjnal dry weight determination.

Stati sti cal Ana'1Ysi s

Lobar comparisons before and after o'leic acid were made

using paìred t-tests, with group comparisons beìng made using

one way analysis of variance. Significance was considered to

be at the p<0.05 jevel . Standard deviat'ions as wel j as

standard errors Were calculated for al I group means aS

indicated in the results.
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Resu I ts

The tìme course of weì ght, and co1ori metric data j s

i I I ustrated bel ow i n Fi Eure 6 f or an ent'i i^e e>(peri nient.

Fi gure 6
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Both, wêìght changes and Vft from B'l5nm colorimetry are

represented. The mean capi i lary hydrostatic pressures

(t S.E.) werê cajculated by the equation described by Gare

(Gare et âl . , 1967 ) . Bef ore ol ei c ac'id these pressures

averaged 12.8 11.2cmH20, 19.6 +2.3cmHZO, and 26.9 t2'6cmH20

f or basel'ine and the two the sequent j al Step j ncreases

respective'ly. Fo'l low'ing oleic ac'id administration the

capillary pressures were not sìgnifjcant'ly different at 13'5

!2.3cmH20, 1 8.9 !1 .7 cmH20 , 21 .4 t2.7 cmH2o '

The expe¡imental protocol was considered 'in two parts, before

and after additjon of oleic acid into the system' Two groups

of control I obes, consi dered part three, Were a'lso perf ormed '



Part I:Pre-oleic ac'id

This section summarizes t,he resuits of 13 isolated

lobar experiments. The fi ltratjon rates with S. E' bars, ãs

determined by weight gain and jaser colo¡imetry, have been

summari zed "in Fì gure 7 . Note the correl ati on between 81 5nm

co'lorimetric signal and constant rate of weight gain at

varyìng cap'i I ìary pressures (no statjst'icaj difference). The

mean Kf c val ues ( tS. E. ) were O. 1 19 t0.027 m]/mi n/mm1g/ 1Oogm

and 0.131 t0.037 mllmìn/mmHg/1oogm, and Pcrit vajues (ts.E.)

were 8.27 t0.75mmHg, and 7.65 !0.B1mmHg from weight gaìn and

B15nm laser colorimetry respectively. These are summartzed in

Tabl e 2. The overal'1 f i I tered vol umes determi ned by the three

methods are'i I justrated in the hìstogram jn Figure 8. Note the

corre'lation of f i itered vo'lumes between calculations f rorn

wejght, and hematocrìts by sample microhematocrit and laser

coiorimetry.
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Table 2

PRE-OLEIC ACID

Kf
(ml'min-1'rnffi Hg-1'1 0Og-1 ¡

Laser

Pccr¡t

(mmHg)

Weight

7.73
6.37
5.32
7.79
6.65
9.17
8.22
4.45
6.46
8.29
13.21

10.98
12.99

8.27
0.75

LaserExperiment

Mean
S.E.

0.0323
0.0365
0.105
0.0425
0.0813
0.0526
0.251
0.0286
0.431

0.187
0.0295
0.0472
0.0513

0.131

0.037

1

2
3

4
5
6
7
I
I
10

11

12
'13

Weight

0.0621
0.0725
0.107
0.0516
0.0976
0.0501
0.336
0.0731
0.294
0.229
0.0686
0.0610
0.0490

5.91

7.84
5.95
6.61

3.01

5.28
8.43
4.87
8.30
7.57
12.79
9.74
13.11

7.65
0.81

0.1 19

0.027
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Part II:Post oleic acid

The fi I trati on rates ( tS. E. bars ) are shown i n

Fìgure 9. Note the increase 'in filtration followìng t'he

addition of ole'ic acid represented by the weight and B15nm

si gnal s. Aga'in no stati st j cal di f ference exi sts between rate

of constant wei ght gaì n and rate determ'ined by B15nm I aser

color.ìmetry. |4ean Kfc vajues (ls.E. ) were 0.151 lO.424

m1/mi n/nm+s/100gm and 0.187 10.052 ml /nin/nnïg/100gm, w'ith

mean Pcrjt values (tS.E. ) being 4'76 t1 ' 17mmHg and 5'08

t0.61mmHg for constant rate of weight gaìn and B15nm laser

signal respect'ive1y, seen in Table 3. F j jtered volumes are

seen in Figure 10 where again there was no difference between

hematocr'ìt, 815nm colorimetry, and weight determ'jned f j ltered

vol umes.
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Table 3

POST.OLEIC ACID

Experilnent

Mean
S.E.

Weight

0.0980
0.0950
0.0981
0.129
0.0992
0.130
0.158
0.146
0.368
0.301
0.0534
0.163
0.123

Laser

0.0393
0.0607
0.125
0.153
0.769
0.149
0.269
o.132
0.274
0.174
0.0502
0.172
o.o764

0.187
0.052

Pccr¡t

(mmHg)

Weight

7.54
6.43
3.90
6.79
-6.5
7.39
8.00
3.67
0.31

7.73
5.14
8.99
2.48

Laser

3.64
5.26
0.57
2.24
8.90
eÃo

5.64
5.64
6.26
5.21

5.32
7.76
6.12

5.08*
0.61

Kf
(ml'min-1'ffi rnHg-1'1 00g-1 ¡

1

2
3
4
5
6
7

.8
o

10
11

12
13

0.151

0.024
4.76*
1.17

" p < 0.05 vs pre-oleic acid
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Part TII: Controis

Tables 4 and 5 demonstrate the results of five control

lobes jn whjch Kfs and Pc(crjts) were determ'ined over a

si m.i 'lar ti me period wi thout the addi ti on of ol e'ic aci d - There

was no s'igni f j cant change 'in ei ther measure i n these control

I obes.

To ensure that the lung injury produced by o]e'ic ac'id was

constant and not revers'i b'le three add'it'ionai control

experi ments were perf ormed. Once the ol ei c ac'id ( O ' t Sml ) was

added to the c j rcuit the preparat'ion was left for three hours

wjthout a change in Pc be'ing introduced. This corrêsponded to

the max-imal duratjon exper.iments fol lowjnE the additjon of

ol e j c ac.id to the ci rcui t. There was a si gni f icant 'increase

j n the rate of fi i tratj on observed ( p<0 ' 05 ) from basel i ne and

th.is i ncreased rate persi sted f or the ent'i re three hours '

There was no statistical djfference, analyzed by one way

anl ysi s of vari ance, between e'ither control group or the pre-

o'le.ic acid group with respect to the Kf or Pc(crit) values

ca'lcul ated.
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Table 4

CONTROL INITIAL

Kf
(ml.min-1 -rTlrTì Hg-1 .1 00g-t ¡

Experiment

Mean
S.E.

Weight

0.0487
0.0840
0.0688
0.2386
0.0865

0.105
0.0034

Laser

0,0581
0.0574
0.0556
0.0609
0.0395

0.054
0.0038

Pci
(mmHg)

Weight

8.81
6.65
8.00
7.22
7.77

7.69
0.36

1

2
3
4
5

Laser

8.71
6.34
5.27
6.30
5.01

6.33
0.65



0.0479 0.0423 5.97 4.18
0.0687 0.0861 6.63 7.80
0.0595 0.0538 6.84 6.35
0.1806 0.0862 6.79 7.86
0.0798 0.0852 5.58 4.74

'lo
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Table 5

CONTROL FINAL

Kf Pci
(ml.min-1.mrrHg-1.1 00g-t ¡ (mmHg)

Experiment Weight Laser Weight Laser

1

2
3
4
5

Mean 0.087 0.0707 6.63 6.19s.E. 0.0239 0.0094 0.25 0.76
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D i scuss'i on

Difficulty in separating vascular volurne changes from

lrue f i ltrat jon us'ing weight gajn alone has been recogn.ized

(Sarnoff, 1952). Laser colorimetry offered a method of
measuring pulmonary transvascular fluid f'lux that was

independent of changing vasculature. comparisons of weight
gain and 815nm colorimetric s'igna'ls confirmed the hypothesìs

that rates of constant weight gain agreed wel'l with rates of
Lransvascular f luid f 'lux (Jv), and no slow exponentìai tjme

course was ident jf ied colorimetrica'l 1y. Th'is held true at
basel j ne and f o'l I owi ng each step change 'in pc i ntroduced.

compar jsons under basel'ine conditions as we'l 'l as fol lowing
permeabi I ity injury with o'leic acid were sìm'i lar. i¡Jhen, using

I aser co'lorì metry, f i I trati on was measured i ndependentl y f rom

vascular volume change flujd exchange was found to be a ljnear
function re]atìng rates of constant Jv to pc above pc(crit).

Transvascular flujd flux can be characterjzed by a serjes
of step changes with measurements determ'jned at constant rates
ofweight gain at each pressure as has been suggested by other

investìgators (Drake et â1., 19BO) A regression I ine of
least squares di f ference through these po'ints i s measurê of
the total lobar conductance of the puimonary membrane to f I u.id

flux. The extrapolate to a Jv = e represents the poìnt at
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which the Starl ing forces are in balance. Coiorimet,ric

determ j nati ons were advantageous because rel atì ve'1y shor t
periods of fjltration at each Pc were needed for measurement

of f luid f lux. Grav'imetric determinations often requi red

greater than 30 minutes to achieve a constant rate. The

observed measures of Kf under baseline conditions agreed well

with those described by others (Drake et a.l.,1980, Ehrhart,

1984) as measured by either weight or laser coìorìmetry. The

characterizatjon of fluid exchange using the constructjon of

PclOt relat'ionships was val id at basel ine as we'l I as fol lowi ng

a permeabj I jty injury with oleic acid.

In a previous study, reported from this laboratory, pcrìt

was found to be lower than baseline Pc and consequent'ly the

lobes were found to accumulate edema at a constant rate from

the outset (Hancock, 1989). Slow exponential changes jn the

weight time course l'ike1y represent slow vascular volume

changes that requi re a much longer time period to be completed

than has been prevìously appreciated. In/ith each jncrease in
PG, Jv increased and became constant immediately whjch

suggested that force imbalance for Jv, summarjzed by the

Starl ing eguatìon, remains constant. Unless the hydrostatìc

and oncot,'ic pressure gradients readjust conti nuousl y lo
ma'int,ain a constant jmbalance our results suggest flujd
accumulates in a compartment whene no back pressure forms as
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fluid flux occurs. If one assurnes that diffusjonal protein

transport 'js not si gni f i cant then for Jv to rema j n constant,

Pt must al so rema'in constant or change very sì ow1y. One

explanation is that the puimonary interstitium is more

compl iant than previously thought. Alternatìve1y, in 'isolated

lobar preparations where the clearing mechanjsms have been

jnterrupted, fìuìd could accumulate in the alveo'lar space as

soon as the force 'imbalance deve'lops.

Some jnvestìgators have contended that excjsed canjne

preparatjons are not comparable to the in-situ condìtion and

that damage occurred i n the exci s'ion process (Morri ss et.

aì . , 1 980 ) . Ot,hers have val 'idated the use of exc'i sed

preparatj ons and demonstrated j ts stabì 1 j ty ( Ehrhart, 1 984 ) .

The present data support these I atter f i ndì ngs and swor,v

comparabie membrane propert'ies to those described in in-sjtu
preparations. Stability over time of the exc'ised preparatìon

was a-lso demonstrated in the control experiments performed 'in

th'i s study .
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SECT]ON (IT)

Wh'i ch i s the Downst ream P ressu re

to Transvascular F'luid F'lux?

Backg round

A second series of experjments were done 'in order to
jnvestìgate the effectjve downsLream pressure to pulmonary

transvascul ar f 'lui d f '1ux. The presence of two types of

pulmonary vessels, ìntra-alveolar and extra-alveoiar, \A/ere

first demonstrated by Macklin (1946). The re'lat'ive

contribution of each type of vessel in the genes'is of edema

and their behaviour at varying ajveolar pressures and lung

volumes has been an area of much interest. I1ìff (1971) used

excised canine lobes under zone l cond'itions, and \¡/as the

first to suggest that the extra-alveolar vessels contributed

to edema formation, with greater than 60% of flu'id flux

resulting from these vessels. In-situ studies that used glass

bead microembol ization of the alveolar vessels, as wel I as

Tone 1 conditions, supported the signifìcance of the extra-

al veo'lar vessel s i n transvascul ar f I u'id exchange ( Al beri,

1978). In previous stud'ies, however, a'lthough specif ic



'isolation of the extra-aiveolar vessels for study had been

achieved, those experiments were done under non-physìo'logic

conditions. Another major defic'iency was that sing'le weight

measurements were used to quant,itate fiItration from z to s

mi nutes f oi I ow'ing a vascul ar pressure change. As was

prev'iously dìscussed, ongoing slow vascular changes persist
for much longer than the time period encompassed by these

measurements, castìng doubt upon thejr accunacy.

rn the iso'lated isolated lobe, âs alveolar pressure is
i ncreased rel ati ve to surroundì ng surface pressure

transpuì monary pressure 'increases i n a concomi tant f ash'ion.

rn this caes, it is reasonable to assume that an jncrease jn

the alveolar pressure wouid result in an'increase'in the

pressure of the a'lveolar interstitium. At the same time,
however, the volume of the extra-alveolar interstjtial space

wou'ld also increase whi le the extra-alveolar interstitial
pressure drops (Permutt, 1974, Lâi-Fook, 1979, Inoue, 1gB0).

Previous attempts to have been made to manìpuiate pìeura1 and

alveolar pressures independentiy to assess the relative
transvascular f '1u jd f lux fol lowìng pressure change to each

i nterstjtial component. However, these results have been

inconsistent (Bo et a'l .,1977).

Another area of controversy surrounds the effect
of posìtìve end expiratory pressure (pEEp) on the formalion
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of pulnlonary edema. some investigators have demonslrated

i ncreased 'Fi l trati on w'ith the appl i cat'ìon of pEEp ( Demì ì ng ,

1975, Albert, 1980), while others have shown no change (Bo et,

al .,1977). one proposed explanation forincreased fluic flux
with PEEP has been the notion that the contribution of the

extra-al veo'lar vesse'ls to edemagenesi s woul d i ncrease, sì nce

pressure would increase along these vessels favouring edema

formation (Albert, 1980).

In order to study the contribution to Lransvascular fluid
f I ux of these vesse'ls and compartments , al veol ar and

transpuimonary pressures were manipulated ìndependently, under

physiologic Zone 3 condit'ions. The effects of these

ìndependent changes in alveolar and transpuimonary pressui es

on the PclQt relationships and Pc(crit) were determined. The

data also demonstrated a signifjcant effect of pEEp on

transvascular f'luìd fi ltration.
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Isolated, hemoperfused canine lefl lower lobes were used. The

enti re preparati on was p'1aced i n a seal ed humi di f i ed acryl i c

box that was constructed to house the entire preparation.

Ports were constructed on the box to al low force Lransducer

measurement of weight changes, arterìa1, venous, and aìrway

cannulas to pass from the lobe to the cjncuit as well as a box

pressure measurement port. The 'lobar pi eural pressure lvas

manipulat,ed by the appl ication of suction or hum'ìd'if ied atr

to a'l i ow i ndependent man j pul at'ion of surf ace and al r¡eol ar

pressures.

Protocol

The protocol cons'isted of i n'itì a1 preparat'ion

Stab i I i zati on 'i n West's Zone 3 wi th arteri a1 , venous and

stati c aì rway pressure ma'intai ned at 15, 10, and 5cmH20

respectively. Calibratjon of the on-'l ine jaser signai was then

performed. The lobes were randomized to one of three groups

and f i i trati on was characteri zed under two cond'iti ons i n each

g roup :

GroupI: Changes

whi ie constant iobar

al veo'lar pressure were i ntroduced

ume was ma'intai ned.

'ln

vol
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Thìs was achjeved by ìncreasing the box pressure by the sarne

amount âs the a'lveol ar pressui e 'increase. rn th i s group

ti anspulmonary pressure therefore remajned constant. The t,wo

conditjons ìnvestìgated were an alveolar pressure of 5 cmH2o

with a box pressure of 0 cmH2o, and an alveolar pressure of
'l5cmHZO w'ith a box pressure of 1OcmH2O.

Grouprr: The alveolar pressure was held constant whj le

the transpu'lmonary pressure was increased. This was

accomplished by applyìng suction to decrease the box pressure.

An alveolar pressure of 5 cmH2o was majntained while the box

pressure was changed from atmospheric pressure to -1ocmH20.

Group ïïI: In this group of experiments the alveojar
pressurê was jncreased wjth a concomìtant and equal rjse in

transpulmonary pressure. To accompl ished th'is the box was

exposed to amb i ent atmosphe ri c p ressu re . Th i s was a

combjnation of the condjtions inlroduced in Groups r and rr
and is analogous to the cl inical situation in which posìt,ìve

end expiratory pressune (PEEP) is used. Alveolar pressure was

al tered f rom 5 to 15 cmH2o whi'le the box pressure remai ned

atmospheric.
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witlr the lobe under west's Zone 3 cond'it'ions two i=c/ct

relationshìps were constructed before and afLer the changes

outlined jn each group. The order that the pclef relatìonships
were performed was also randomized. Filtration was determined

by on-line weight and laser sìgnais at three pressures.

Statistjcaj Analysìs

Pai red t-tests were used f or the ana'rysi s wi th i n each

group, and a one way analysis of variance to compare the

resu I ts between a I 'l g roups .

Resu I ts

The resu j ts of experi ments i n Group I are seen 'i n

Figure 12. The pressures are expressed along the lower

absc j ssa 'in mms of Mercury. The order that the pclOf

relatjonships were done jn each experiment for aj1 groups was

randomi zed. A1 'l Kf 's were expressed i n m'ls/ nin/ mmHg/ 1 O0gm

initial wet weight. under these conditions there was no

sìgnjficant change in the slope of the pc,/ef re'latjonship, or

Kf, between the two conditìons. However, there was a

sìgnificant rise in Pc(crit) to p < 0.01 at higher alveolar
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enC bo>r pressure. Th'is corresÐonaed to a mean i nci-ease i n

Pc(clit,) of 9.04cmH2O (0.64 mmHg), for an increase jn ai'veolar

p ressu re of 1 0cml-i2C .

Figuie 12
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Ir¡ Group III (Figure 14) ccncomitant changes'in aiveolar

and trarlspulmonary pressure were ìntroduced, a combinaticn cf

tfre effects 'intrcduced in Groues ï anci II.

Fìgure 14
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The l..f's determined durìng the t',vo ccnditjons i^/ere nct
si gnì f i canti y' di f f erent f rom one another, but the pc( cr.ii )

rose significant'ly to, p< 0.01, w'ith t,he increase rn alveclar
pressure. The mean rise in pc(cr.it) was (7.37cmH20) ar 5.43

mmHg.

To ensure no i ntergroup r obar di f f erences a surnmary of
similar condìt'ions'in each group'is shown.in the table below.

There was no difference in the Kfs or the pc(crits) between

the three groups wi th comparabì e al veol ar anci surface
pressures.

Table 6

PA=S : Pbox=0

Group I

Kf
(gms min-1 mmHg-1 1009m wl1)

Da¡ elcrit)
(nimHs)

0.140 t 0.030

6.4 t 0.5

Group ll

0.176 t0.047

7.7 xA.B

Group lll

0.177 t 0.033

6.1 t 0.4

(Results: mean r standard error)
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Di scuss'ion

The results of this study reconciled some of the
discrepancies jn the 'l jterature. rn t,he Group T expei iments,

ajveo'1ar pressure was changed whi le pressure and volume

changes i n the extra-al veol ar i ntersti ti al space were

minimized. Although Kf remained unchanged the pc(crit),
representing the poìnt of balance of the starling forces, rose

signjfìcant'ly. The magnitude of th'is ìncrease was almost equal

to the i ncrease i n the al veol ar pressure that was .introduced.

This suggested that their was a direct rejationship between

Pc(crit) and alveolar pressure, that is, as alveolar pressure

was i ncreased the ba'lance of star'l j ng forces was sh j f t,ed

upwards so that a higher pc was nequired before edema began

to f orm. The transm'issi on of al veol ar pressure to the
perìmicnovascuJar space surrounding the vessels appeared to
be nearìy one to one in nature, and suggested that this
ajveoìar pressure \^Jas beìng transmjtted to the fluid exchange

vessels 'in a simi lar fashion.

Morphometrjc data obtajned by Staub (1974) showed that
the vascular surface area per unit membrane thickness was 1c-

10,000 times greater for the ajveojar capi I jaries than for
any other segment, pointing to the ìargest fi ltration capacif;y

for vessels w'ìthin the alveolar wal ls. The resuits obtained
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'in this study offer support to th'is contentjon where jsojated
pressure changes in the alveolar compartment affected the
baiance of starling forces. rf the downstream compartment for
transvascular fluid exchange was the alveolar space, oF

al veol alintersti ti um ( provi ded there was ai veol ar pressure

transmjssion of equal magnitude) then any a.lveolar pressure

change jntroduced urould affect the balance of forces by an

equal amount. Thjs in fact was the case as demonstrated by the
Group r results. Additional studies done by Gee (1g79)

demonstrated that the perivascu'lar cuf f f I ui d of smal j to
medi um si zed vessel s ( ) 1mm) was a re j at j ve'ly sequestered poo'l .

That work suggested the poss'ibi I i ty that an al ternati ve sì te,
possibiy the alveolar space, was present where significant
fluid exchange took place.

rn the Group rr experiments changes in the alveolar
i ntersti t'ium were mi n i mi zed wh i 'le a pressure drop i n the

extra-a'lveol ar j nterst'iti a'l space was .introduced. Thi s group

of experiments addressed the relative contributjon of the
extra-al veol ar vessel s to transvascui ar f 'lui d f I ux. The

increased volume in the extra-alveolar jnterstjtial space

woul d have i ncreased the transmura'l hydrostati c gradi ent
favourìng edema formation. However, the resujts fa.i led to
demonstrate any si gni fi cant change

characterìstìcs, ejther Kf or pc(crit)
1n the fi ltration
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Group rT c'losely mimics the Zone 1 studies done byr previous
investìgators who jn fact demonstrated a sìgnificant
filtration contribution of the extra-alveolar vessels (iriff,
1971, A'lbert, 1978, Mitzner, 1979). Thjs seemìng1y
contradìctory resurt can be exprained if one refers to Figure
15. The t.i-panel graph demonstrates the effect of a pressure
drop i n the extra-al veol ar i ntersti ti a.l space at consrant
al veol ar pressure. The wei ght trac.ing demonstnated the
characteristic bjphasjc response that wou'ld be measured as
transvascular fluid exchange over the short time period that,
t'hese weight changes were fol lowed by previous investigat,ors.
The I aser cor ori met.ic sì gnar remai ned unchanged f or .rowi ng the
introduction of an increased transp'reurai pressure gradient.
Th'is suggests that the vascul ar vo'lume of the extra-al veol ar
vessels was increased but that there was no significant
transvascular f iuid exchanged. rf weìght s.ignals were fol lovred
until rates of constant weight gain were achieved simirar
findings were demonstrated. This was strong evidence that
extra-al veol ar vesser s contri buted I i ttr e to t,he totar
transvascular f r u'íd exchanged under normar phys.iologìc
conditions.
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Fi gure 't5

( The ef f ect of i sol ated extra-al veol ar pì-essure

drop on fluìd flux)
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rn Group rTT, arveor ai^ i nrei sti ti ar pressure was

increased at the same time as the extra-alveolar interstitial
pressure presumabiy fel 1. This group was therefore a

combination of the effects introduced in Groups r and rr, and

was somewhat, analogous to the cl inical situation of
i nstì tutì ng pEEp. Despi te the fi ndi ngs of prêvi ous
investìgators (Demling, 1g75, AIbert, 1980) our f.indìngs
suggested that inst'itution of pEEp on the exc.ised preparation
a]tered the ba]ance of f orces at the pu l monary membrane .

However, the Kf remained unchanged. Therefore once above

Pc(crit), aìthough this d'id not occur unti I a higher capi ì lary
pressure had been reached, transvascul ar fl ui d exchange

occurred at' a simi lar rate. Translation of this f ìnd.ing to
the in-situ preparatìon or the cl inical setting is not
warranted f rom thi s data but the poss.ibi f .ity that pEEp may

shift the balance of forces to favour reabsorptìon aL higher
microvascular pressures merits further study.



Conclusions

These experiments supported the concept that
transvascular fluid flux can be accurately described by means

of Pc,zQf relat'ionshìps obtained from rates of constant weight
gai n or I aser co'lori metry. The s'lopes of the pclet
re I ati onsh'ips, assumed to represent total 'lobar conductance,

or Kf , were not a'ltered sì gni f i cantl y by changes .in ei ther
a'lveolar or transpulmonary pressures. The ba'lance of forces
at the pulmonary membrane were significant,ly altered such that
'increasi ng al veo'1ar pressure wi th or w j thout changes j n

transpuìmonary pressure resulted in a significant increase in
Pc(crit). At constant alveolar pressure, changes in
transpulmonary pressure had no effect on pc(crjt). Because

Pc(crit) was seen to change only with alterations in alveolar
pressure, f'luid exchange must have occurred with the alveolar
interst,itium or more l ikeìy the a'lveolar space f rom the onset
of transvascular fluid fiux.
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SECTION ( ITI )

oncotic Manipuiat'ion and its Effect on Fluid Fl itration

Backg round

A third series of experiments were perfonmed to
jnvestigate the effect of macromolecu'lar col loid manipulatìon
on transvascular fluid f'lux. Normal human body fluids conta.jn
a smal I number of I arge parti cl es (vw > 30,0oo ) , ßìâi nl y

proteìns, which contribute a smal I amount (5%) to the tota,r
pìasma osmoiaìity. However th'is component of plasma, referred
to as the collojd component, is a major determjnant of the
distribution of water between the body fluid spaces because

of the limited permeabil'ity of capìl1ary membranes to this
co'l ioid component. s'ince the time of starl ing jt has been

assumed that hydrostatìc pressure differences between the
plasma and tissues are effect'iveiy opposed by the plasma to
tissue oncot'ic gradient. However the ìmportance of maintain-ing

or ìncreasing oncotic forces for the treatment of pulmonary

edema rema'ins controversial . Edema formation would not occur
provided net f luid f i'ltration into lhe tissues was less than
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the regìona1 ìymph flow capacity. Th'is hypo.Lhesis

initjal'1y supported by Guyton and Lindsay (19S9)

subsequent studies by a number of groups confjrmed these
observations (Gaar, 'l 967, Eff ros et âl . , 1981 ) . However,

conf idence in the role of prote'in in pu'lmonary fluid balance

has been eroded by other reports (Uter, j967). There is to
date I ittle conclusive evidence that prote.in infusions
effectìveiy diminish lung edema content in an.imais or humans

( Brown et ã1 . , 1 973, Marty et ã1 . , 1 975, Rackow, 1977 ,

Vìrgjlio et â1., 1979 Sjbbald et â1., 19Bg)

rn the present study, transvascurar fluid flux was agaìn

characterjzed by the construction of pc,/ef relatìonships. The

pressure intercept of such a plot, âs previously dìscussed,

represents the ba]ance of forces that ex.ist at the pulmonary

membrane. Bìdirectional fluid flux occurs around this pc(crit,)

as shown in Fìgure 1. To effect reabsorption of edema ihe
hydrostatic cap'i I lary pressure must be 'lolver than pc(crit).
Therefore, as previously demonstrated (equation 7) for
reabsorpt i on :

Pc(crit)=Pt+o2xrc>Pc (ts¡

\,-lã c

and

:: -:: ¡- -

Col io'id manipulatìon

using a large macromo'jecu'l

for these experiments

e, Hetastarch. The MW

was effected

of Hetastarch



averages 450,00C ( 1 0,000-2, COO,0C0 ) and therefore ì t v/as

predicted that th'is molecule would have a hish reflection
coeff ic jent when compared to albumjn (¡¡W 63,000). Hetasta¡^ch

was also commercia'l ly avai lable and came as an osmotical ly
balanced 6% solution. rt is 'l icensed for use in both canada

and the Un'ited States. Indications for adm'inistration .include

leukophoresis and plasma vorume expansìon, although use in
lung injury has never been described.

The objective of these experiments was to determine if the
critical pressure, pc(crit), could be manjpulated to effect
reabsorption of puìmonary edema at normal pressures in excised
canine jobes. Thjs hypothesis was tested under two condit-ions:

1 ) The normal excjsed lobar preparatìon.

2) The same preparation following a permeability injury
induced by the addition of oleic acid into the system.

Methods

The study uti I ized excised canine 'left lower lobes r^rhich

were set up in the manner described previous'ly. The

color.imetr.ic device was not used for transvascu'lar f lu'id f lur
determinations jn lhese experiments.

II
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P rotoco I

The protocol consisted of two arms:

In Arm 1 the I obes were i n'iti ai 1y exci sed and stab'i I i zed.

Step changes in pressure were then instituted and weight gaìn

foi lowed to enable construction of the PclQf relat'ionship.

Hetastarch was then added to the c'i rcuit. A volume of 250mls.

of Hetastarch was added to the circuit such that the final
concentration of the Hetastarch component was 2.7%. Fol low'ing

an equ j I ibrat'ion period of 30 mjnutes the steps were repeated.

Arm 2 was done in an identical manner, however, o'leic acid

(0.15m1 ) was added to the cjrcuit at the beg'inn'ing of the

exper i ment.

Statistjcal Analysis

Paired t-tests were done to compare each lobe jn Arm 1 and Arm

2, with minjmum signjficance recognized at the p<0.05 level.
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Resu I ts

The effect of Hetastarch on normal lobes is shown be'lot^;

in Figure 16. The dotted anC solid l'ines, wìth accompan-"lnE

standard error bars, rêPresent 'lobes perf used wi th and wl ihcut

Hetastarch j n the ci rcu'it respect'ivel y.

THE EFFECT OF HETASTARCH

-r-NORMAL (Pc 
"'it - 10.1)

---o""HETASTARCH (Pc",¡1 - 14.2) *

Pressure (cmHrO)
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There was a sign'if icant increase jn the pc(crit), f rom 10.1

t1 .0 to 14.2 10.6 cmH20 fol iowing the addition of Hetastarch.

This was significant to p(0.û1. The jncrease was such that ai
the lobar basel'ine cap'i 'l lary pressure reabsorption was

induced. The slope of the pc/Af relationsh.ip was also seên to
increase fol lowing the addition of Hetastarch. The Kf (ts. E. )

ìncreased from 0.088910.01S to O.1778t0.029 m1 /nin/nnHg/1OCIgm

with the add'it'ion of Hetastarch (p<0.05).

In Figure 17 the effect of the addjt.ion of olejc
acid to the system is shown. pc(clit) fell sìgnifìcant'ly
( p<0.01 ) , from 1 0. 1 t1 . O to 4.511 .9 cmH20, and edema began to
f orm at very 'low I obar pcs. The total 'lobar conductance,

represented by the s l ope of the pc/et I j ne, a1 so -i ncreased

significant'ly following the additìon of oleic acid from

0.088910.013 to 0. 159210.013 m1 /mjn/nn1g/l00gm (p<0.01 ). Both

of these factors suggested that a significant permeabiljty
jnjury had been induced by o'lejc acid.
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Tr-¡e effects af HeÈastarch wit,h lung ìn;ur)/ eÌ^e sl^io\{l-l celow in

Figure 18. I'lote that f rom the basel ine cleic acìd lobes.

represerrted b¡r t-þs soi id I ine again wjth s*'andard errcr bars,

add'itio¡'r of Hetas+.arch to the c'i i-cuir, caused a rlse iir

Pc(crit) from 4.5i1.9 to 12.610.3 cmH20. Th:s was higl^r1y

sìgnifjcant to o<C.C01. Agaìn at baseline capi'ì ìar;,

lr),d.o"autic pressures ieabsorptìon was seer'ì in aji lcbes. The

Kf s determi ned al so were seen to ri se sì gnì f ì cant,'ìy f i^om

0 . 1 592i0 . 0 1 3 to 0 . 270'l i0 . A29 n1 / n'i n,/mmHg,/ 1 00gm wi th Hetastarch

in the c'i rcuit (p<0.05).

THE EFFECT OF HETASTARCH ON LUNG INJURY

----f- OLEIC ACID (Pc",it - 4.5)
""'o'"" HETASTARCH (Pö",¡t - 12.6)*

Pressure (cmHrO)
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Discussion

The plasma col loid component 'is of paramount importance
in determinìng the water d'istribution in bìo'logìcai systems.
rn the formation of pulmonary edema imba'lance in starl ing
forces result from either ìncreased hydrostat.ic forces,
aitered permeabì l'ity wh'ich lowers the effect'ive oncotic force
at the pulmonary membrane or both. rn these experiments a

model of '1ow pressure, or increased permeabi I ity, pulmonary

edema was used. The addition of o'leic acid into the
preparatìon cj¡cuit had the effect of causìng a sìgnìf .icant

ì mbal ance i n the star'l 'ing forces such that an edema formì ng

state was p¡ esent at very 1ow capìilary hydrostatic pressures,

Hetastarch administration resu'lted in significant,
protectì on f rom edema f ormat'ion due to an j ncrease i n the
Pc(crit) of both normal as we|r as Iobes injured with oleic
acid. The increase in pc(crjt) was such that reabsorptjon of
fluid was seen at baseline hydrostat,ic pressure in both normal

lobes as wel I as fol1owjng 'lung jnjury. The -inab.i I ity of many

previous 'invest'igators to demonstrate a benefjl from ajbumin

i nf usi ons can be exp'lai ned by consi derì ng the f actors t,hat
determine Pc(crit). The f ract.ion of the oncotìc pressure that
is effect,ive at the puimonary membrane is determ.ined by the



-7A

square of the ref lectjon coeff jc.ient (equatÌon 7). previous

data obtajned from 1g robes using the same model demonst,rated

a fall in the mean o to tota] protein of Eolo, from 0.5a tO.cg
to 0.30 10.04 (ts.E. ) after oreic ac'id injury. The ref rection
coef f i ci ent was cal cu'lated usi ng a method descrì bed by pi I ati
and Maron (1965). With 'lung injury the ,,effective,, oncot.ic
pressure (oz x nc) generated by albumin wou'ld be low even with
'large vol ume i nf usi ons. Al though not measured di recLl y t,he

mol ecu'lar wei ght di f f erence between Hetastarch and al buml n as

wel i as its effectiveness even in the presence of low

reflection coefficient to albumin with ìung ìnjury suggest the
rise in Pc(crjt) was like'ly due to maintanance of the
reflection coeffjcient by Hetastarch.

The slopes of the pclet relatìonships rose wjth t,he

addit'ion of Hetastarch to the ci rcuit under both normal
cond'itions as weil as with 'lung .injury. one can speculate a

number of possible explanations. other investigator s have

demonstrated a rise in measured Kfs with >5a% wet werght
accumulation (Drake et a'ì ., 19gO). fne experimental design v/as

such that all Hetastarch pc/Ot rejationships were obtajned
f o1 'lowi ng some baser i ne determi nati on. The average edema_

accumulation during pclOt determjnations was 4A% of jnitial
wet weìght, therefore an increase in Kf ìndependenl of
Hetastarch adm j n'istrat j on was poss j b1e.
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Aiternatìve1y, the Hetastarch moiecule may frave had a effect
on lobar conductance, although this has not been desci ibed for
Hetastarch or compounds of simi iar biochemical compos.ilìon.

Conclusion

By us'ing the concept of star'r ing's balance of forces we

have demonstrated that appropriate colloid therapy may be

effective treatment for inducìng reabsorptjon of pulmonary

edema even in the presence of sìgnificant lung injury. Lvith

focus on Pc(crjt) and not sìmpiy on increas.ing the pìasnra

oncotic pressure, resolution of edema can be effected af;

norma'l capì ì I ary hydrostat'ic pressures.
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GENERAL DISCUSSTON AND SUMMARY

The objectìve of this preceding work was two fold. The

j ni tj a1 hypot,hesi s requi red a method to characte rize
transvascular f'luid flux that was accurate, and independent

of weìght determinations. Laser co'lorìmetry offered an

alternatjve to standard weight measurements and was val idated

using a hemofilter device that ensured weight changes to be

true fi ltration thus ci rcumventing the possìbì 1 ìty of any

vascul ar vol ume change. Bi di recti onal f I ux, measured e'iiher

by weight or laser yielded comparable resu'lt,s. This technique

proved capable of accurate measurements of lobar t,ransvascular

flu'id flux under norma'1 conditions as well as v.iitl'r lung

jnjury. The use of this met,hod offered sLrong support to the

concept that fluid fiux is completely described by I'ineai

rates of f ì ltration for a gìven Pc. Fluid f lux 'is

bìd j rectionai around a sìng1e isogravimetric po'int aL which

the Stari'ing forces are in balance. This s'impie approach to
pulmonary fluid flux jn the excised lobar preparatjon agrees

well wjth early work in sìngìe capi'l 'laries and subsequentìy

i n other mammal i an capi'l l ary beds, The monoexponenr,i al

function that has jn the past been used for characterizing

transvascular fluid f'lux and studying membrane proper"lies most

I 'ikel y represents a vascul ar arti f act due to stress rel axat j on



of the pu l monary vascu'l atu re . Gi ar¡ j metri c methods agreed we I I

v¡'ith laser measurements provided adequate time al lowed for
linear rales of weìght gaìn to be achieved,

Factors governing the balance of forces, oF pc(crit),

was the second major focus of this work. The impact and

man'ipulation of forces act'ing at the exchange surface \^/as

addressed in Lhe second and thjrd sections of experiments.

The relative ìmportance of the'ìnterstit'ium (extra-alveoian)

as the downstream compartment to fl uj d fl ux has been

chal 'lenged. The data demonstrated that pressure vti th'ìn ""he

alveolar space was jn ìarge part t,ransmitted to the exchange

surf ace and suggested that f '1ui d exchange wi th Lhe al veol ar

space may be occurring from the outset of a pressure 'increase

above Pc(crit). The role of PEEP in f 'luid exchange rema'ins

poorly defined, but it was shown to impact on the balance of

forces at the pu'lmonary membrane. A protectìve role in the

genesis of pulmonary edema was 'impf ied but, extrapolat'jon

beyond the excised 'lobar preparatìon would not be val'id.

The role of Pc(crjt) and oncotic force manjpulation was

the focus t,he last series of experiments. The ìmporiance of

the ref lection coeff icient, especìa11y w'ith lung irrjury, in

determi nì ng the effecti veness of attempts to i nduce

reabso rpt ì on shou I d be emphas i zed . Adhe rence to th i s

plincìp]e, as 'it pertained to increasing the Pc(crit) al lowed
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ieabsoi-ption of pulmonary edema even wit,h lobar injury at
normal hydrostatic capillary pressures. h/e have recently used

this approach successful ìy in two patjenÈs, and these jnjtraj
resujts jn *"he management of estab'l ished ARDS (low pressuie
puimonary edema) appear prom.ising.
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