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ABSTRACT

Studies of pulmonary transvascular fluid flux have

suggested that, in a standard isolated perfused canjne

I ef t I ower 'lobe preparat'ion, the mi crovascu I ar membrane

may be unusua.l 1 y permeab'le resu l ti ng i n overest j mati ons of

the m'i crovascu'l ar filtrat,jon coeffic'i ent (Ke ) and

production of edema at abnormally low capillary pressures.

In Part I, the stepwise pressure elevatjon technìque was

used to study the re'l at i onsh i p between constant we i ght

ga'i n (ar ) and microvascular pressure (Pc ) in ejght

isolated perfused canine left lower iobes. Lobar

conductance to fiItration (Kr ), obtained from the slope of

this relationship, was A.OO22 t 0.0003 ml'min-1'cmHzO-1'g

dry wt-1 " The intercept when Qr _ 0, representing the

critical capi I lary pressure to fi ltration (Pcrit), was

9.53 t 1.18 cmHzO. At capillary pressures greater than

9,53 cmHzO, isogravimetric condjtìons were never achieved.

Tn 12 addjtional experjments, the perfusate's coj lojd

osmotic pressure (IT) was increased with album'in from 12

to 37 mmHg, On the average, Pcrit increased from 12.2 to

23 cmHzO. Usjng the changes in Pcrit and II, the

microvascular drag ref lect'ion coeff icìent for albumin (o'a )

was estjmated to be 0.67" After the additjon of albumin,

capi 1 i ary pressures I ess than Pcri t i nduced constant

weight loss along the same Qr-to-Pc relationship. The only
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poi nt at, wh j ch the I obe at,ta'ined a-n i sograv j metri c state
was at, Pcrit . To contro'l f or ti me, f ive add j t,i onal I obes

were observed at const,ant Pc for 1 0O- 180 mi nutes. S f i ght

acceleration of the rate of weight gaìn occurred after
lobar wejght increased by 30-4O%" The low Kr and high od

suggest that the microvasculature is well preserved durjng

the time course of these exper-iments" The low Pcrjt, may

reflect obl iteration of lymphatic channejs.

It is generally assumed that, following an jncrease

'in capi l l ary pressure, the i ni ti al rapi d wei ght gai n

represents primari ly vascular volume changes and is
fol lowed by a s'low exponent'ia1 wejght change representjng

transvascular flux. However, vascular volume changes may

persìst for longer perjods inf'luencìng measurements of
transvasculan fluid exchange and Kr" In Part II, a laser

colorimetric devjce was utiljzed to dìrect'ly measure f'luid
exchange usìng cont,inuous measurements of hematocrjt. In

12 isoiated excised canine left lower lobes, transvascular

voj ume exchange ( Ve ) determi ned from conti nuous

col ori metri c measurements corre'l ated wel I wi th
s'imu I taneous cal cu I ati ons of Ve obtai ned f rom changes i n

mjcrohematocrit, Fo1 1owìng increases in P", wejght signals

showed an in'itial rap'íd weight, gain fol lowed by a slow

exponential time counse whereas the calculated Ve using

hematocrit changed f inearly" Va refIected about 60% of the

slow weight gain. When Pc was decreased, weight signals



iii
decreased eNponentially, whereas Ve contjnued to increase
'l inearly but at a slower rate. These resujts suggest that
a si gni fi cant component of the sl ow weì ght sì gnal

represents slow vascular volume changes. ConLrary to what

the weight sìgnal suggested, edema was never reabsorbed

over the range of Pc measured,
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FLUÏD FTLTRATIOhI

The filtration of
governed by a balance of
permeabi I j t,y accordi ng to

fl ui d across any membrane i s

f orces and capi 1'lary membrane

the Starl i ng equaLi on:

Qr = Kr (P'-Pt-o(IIc-IIt)) (t)

where Qc i s transvascul ar f1 ui d fl ux, P. and Pt the

capillary and tissue hydrostatic forces, respectiveiy, IIc
and IIt capillary and tissue oncotic forces, respêctively

and o the capillary membrane reflection coefficjent to
protein" Kr is the lobar conductance to fijtration and is
a measure of the rate at which fluid fiiters across a

membrane for a given imbalance of hydrostat,ìc and oncotic

forces.

Exper j mental techn'i ques used to study f l ui d

fi 1 trati on i nvol ve ì ncreasi ng perfusi on pressure and

measurìng the result,ing rate of organ weight gain" A step
jncrease in pulmonary capi I lary hydrostatic pressure (pc )

produces a bi phas'ic wei ght time course. The i ni t,i a1 rapì d

i ncrease i n we'ight i s presumed to represent vascu I ar and

exLravascular volume changes whi 1e the slow exponential

tjrne course is assumed to represent transvascular fluid
f lux (ar ) exclusìvely (Drake et,. âl ., 1978; pa-ppenheimer

and Soto-Rivera, 1948; Guyton and Lindsey, j9S9). The



exponent'ìal character of the slow phase of weìght, change

is attributed to readjustment of starling's forces across

the microvascular membrane as edema fluid accumulates 'in

the pu I monary t'issues. When a new bal ance of f orces j s

achieved, edêma accumulation stops and the preparation

becomes 'isogravimetric (no change jn weight wjth t,jme).

With further increases in P., the lung fai'ls to return to
an isogravimetric state and continues to gaìn weight at a

constant rate" Constant Qr is assumed to represent an

imbalance in Starling's forces that can no longer be

counteracted because edema fluìd would not only eNchange

with the perimicrovascularinterstjtium but also wit,h

distant compartments around major hjlar structures and, at
some point, the alveolar space (Drake and Gabe1, 1gB1;

Drake et. â1., 1980)"

MEASUREMENITS OF LOBAR CONDUCTANCE ( Kr )

Ideal ly, precise measurement of the pulmonary

filtration coeffìcient would involve direct measurement of
al I other factors i n the Starl i ng equati on. However,

tissue forces have been difficult to measure and, thus,
i ndi rect measurements usi ng changes i n organ wej ght

resu I t'ing f rom a change i n perf us'ion pressure have been

uti 1 ized. In addition, the biphasic time course of weight

gajn fol jowing a step jncrease in pulmonary hydrostatic



pressure creates di f f i cul t,i es i n separat,ì ng changes j n

weight due to vascular volume and Lhose due to flujd
f i ltrat'ion alone. To avoid the initial contribution of
vascular volume changes to the weight Eain curve, Drake

et" al. (1978) have appljed an extrapolation technìque to
est jmate t,he f i ltrat jon coef f icient (wei ght trans'ient
techn'i que ) " Assum'i ng that vascu I ar vo I ume changes are

complete within the first few mjnutes following a change

i n cap'i 'l l ary pressure, the l ogarithm of the raLe of l ung

we'i ght gaìn (Awt / 
^ 

t) duri ng the slow component of the

curve can be plotted as a funct'ion of time. The injtial
rate of f luid f i ltrat jon (Lwt/ A t,t=O) is estimated by

extrapolating to the time the capillary pressure was

changed (t=0). At this point, the total pressure gradient,

actìng across the microvascular membrane js Á p. " The

filtration coeffjcient is given by the following equatìon:

Kr= (Awt/At)t=o /¿¡ p" (2)

Thus, the nate of fluid flux may be determjned before

changes in tjssue hydrostatic pressure and oncotic forces

have had time to adjust to prevent furt,her f i ltrat'ion.
However, jt js difficult to determ'ine when the vascular

component no longer contributes to the wejght, gain curve

and measurements of Kr vary according t,o which portion of



the weight gain curve is measured after an increase in
capi'l lary pressure (Drake et" êl ., 1978). If flux js

measured too soon af ter an 'increase jn P. , part of the

we'i ght gai n wi I I ref 'lect vascu I ar vol ume d'istensi on and Kr

w'i I I be overest j mated but, i f measured too 'late, changes

jn Pt and IIt will have occurred to oppose further edema

formatìon, resulting in underestjmates of Kr.

Drake, Smìth and Gabel (t980) developed a stepwìse

vascular pressure elevatjon technique to gravimetrìca1 1y

measure Kr in jntact dog iung and this technique has been

used successfully 'in the isolated lung (Ehrhart et. ã1 .,
1984; Drake and Gabe1, 1981; Morriss et. âj., 1980). By

eievat,ing capillary pressure in smali steps, changes in
lymph f1ow, Pt and II are mjnimized sjnce, for a constant

P., the rate of weìght gaìn is constant if pt, IIt and

lymph flow are ajso constant. As rate of weight ga'i n js

constant once Pc exceeds a critical capillary pressure, Kr

can be measured f rom the s I ope of the I 'ine re l ati ng rate

of weight gain to capi'l lary pnessure. Thjs represents

total I obar conducLance to f I u'id exchange th rough the

microvascular membrane, interstitium and alveolar membrane

(Drake et. ê1., 1980; Drake et. ã1., j981). Rate of wejght
gain often increases once lobar we'ight is 40-50% of normal

necessi tat'i ng measurement of Kr f rom the er -to-pc
relationship before the lobe gaìns 502{ of jts jnjt,ia-1



weight (Drake et. â1 ., 1980). Drake and Gabe'l (1981) have

shown that t,he ext,rapolat'ion technique gives sìgnifìcantiy
higher values of Kr as compared Lo the stepwise pressure

elevation t,echnique" comparison of ìntact and'isolated
lobes has shown t,hat Kr is three-fold higher in isorated

lobes suggestìng that the microvascular membrane is more

permeab'le 'i n th-ís preparation (Morriss et. âl ., 1gS0).

Otheri nvestìgators have chal lenged th.i s concept as

simi lar measurements of Kc produced values in isolated
preparations within the range reported for intact lobes
(Gaar et. âj., 1967a, 1967b; Ehrhart et,. â1 ", j9S4)"

CRÏTICAL CAPTLLARY PRESSURE (PcTìI)

In an i sogravi metri c state, 'lung preparati ons ne-it,her

gai n nor l ose we'i ght " However, el evati on of capi l l ary
pressune causes the lobe to ga'in weight unti I starf ing's
forces have rebalanced. At some point, a pc 'is reached at
wh'ich the lobe can no ìonger achieve an isogravimetric
state and 1 ung we i ght i ncreases cont i nuous'ì y ( Guyton and

Lindsey, 1959; Gaar et,. ä1 ", j967a). The maxjmum capi'l lary
pressure at whi ch the i ung wei ght can be maì ntai ned

constant i s def i ned as the criti cal capi 'l 1a-ry pressure
(Pcrit). This critical Pc has been shown to vary r ìnear'ly

with cap'i 'l lary oncotic pressure (IIc) (Drake et. â1 ",
1980)" Pcrit may be det,ermined from stepwise pressure



e i evat i on measu rements of rate of we ì ght gaì n by

extrapolating the slope of the I ine re'lating rate of
weight gain to Pc back to the pressure intercept where

rate of weight ga'i n is z.ero (Drake et" âl ., 1980)" This
p ressu re j s assumed to rep resent the pc at wh i ch

starling's forces are overwhelmed and edema fruid can no

longer be contained 'in the interstjtium (Drake et. â1.,
1 980; Drake et. âl " , 1 981 ) . Measurements of pcri t have

shown that the critical capì l lary pressure is much 'lower

i n i sol ated I obes as compared to 'intact I obes suggesti ng

that damage to the microvascular membrane may occur during

the isolation technìque (Morriss et. ã1., 19BO; Ehrhart
et. â1., 1984)"

OSMOTïC REFLECTION COEFFICIENT (o)

The osmot,ic reflection coefficient measures the
seiectivity of the pulmonary microvascular membrane to the

passage of pl asma prote'i ns. Si nce the mi crovascu j ar
membrane contajns pores that aliow the passage of some

plasma proteìns into the interstìtial space, measurements

of o range between 0 (which ref lects a membra_ne that is
freel y permeable to protei n ) and 1 (a perfect
semjpermeable membrane which restricts the passage of
proteìn al iowing only f i ltration of f 1u'id). Consequently,

on'l y a portìon of the osmot,ic aradient (II.-IIt)



contributes to transvascular fluid flux" o has been used

as a measure of microvascular membrane permeabilìty (Drake

and Lai ne, 1 988 ) "

VASCULAR VOLUME CHANGES

ïn measurements of transvascular fluid flux, it is
generaily assumed that the initial rapid increase in organ

weight following a step increase in cap'i 11ary pressure

represents prìmari'l y vascu jar volume changes. In
determining the microvascular f i ltration coeff jc'ient,, most

'i nvesti gators assume that the vascu I ar changes are

complete withjn the fjrst 3-4 minutes (Drake and Gabel,

1 981 , Drake et. âl , , 1 978 ) , However, as the rapi d

component of the weight gain curve has been observed to
continue for up to 20 minutes (Drake et. â1., i97B; Drake

and Gabe1, 1980; Dr ake et. ã1., 1980; Lee and Lee, 1979;

Chang et. â1 . , 1979), t,h'is assumpt'ion may not be entire'ly
val id" Proionged blood volume expansion due to vessel

di stensi on or recrui tment woul d i nfl uence esti mates of
transvascular fluid exchange and Kr.

S i nce measu rements of t ransvascu l ar f l ux us i ng

changes in organ weìght alone may lead to erroneous

concl usi ons, i nvest'igators have searched f or al ternate
methods to quantjtat,e volumes of fjlterecf flujd. Based on

t'he knowledge that hematocrit and prot,ein concentration



lncrease as water moves from the capiilaries into the
i ntersti ti um, Drake et. al . ( 1 978 ) cal cul ated fi i tered
volumes uti 1ì zing hemat,ocr"it and prote'in concentrat, jon

changes following an increase in pc and compared the
results to f i'ltered volumes calculated f rom we'ight alone.

They found that the different, methods of calculat,ing
fj ltered volumes were not statistical ly djfferent.

Other.investi gators have uti l i zed 5 1 Cr-label led red

cel ls to measure the contri bution of vascuiar vol ume

changes to the weight gain curve (Lee and Lee, 1979; Lunde

and Waa'ler, 1968). However, the sens.itiv.ity of these

experiments did not allow conclusive evidence of prolonged

vascular voi ume expansion. Chang et. al , ( 1 g7g ) , usì ng

dextran blue as a vascular indicaLor, demonstrated that
puìmonary vascular volume (PVV) jncreased for iS mjnutes

following an increase in Pc and similar slow declines jn

PVV were observed following a return of pc to control
'level . oppenheimer et" al . ( 1993, 1987 ) have deveroped a

coJorimetric device which measures flux dìrect,1y using
intravascular dyes. The colorimetric data in plasma

perfused lobes suggested t,hat, wìth changes .i n p", an

early phase of fluid eNchange with the perimjcrovascu¡jar

tissues was followed by a second phase of redjstrjbution
w jth jn t,he jnt,erstitjum (Unruh et" âl " , 19S4) "
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STATEMENT OF THE PROBLEM

MeasuremenL of the mi crovascul ar f i I t,rati on

coefficient usìng gravimetric techniques ìs well
established. However, several areas warrant further study.

Firstly, values of Kç appear to vary according to the
preparation used. Although similar vaiues of Kç have been

obta'i ned in'jsolated lobe preparations as compared to
intact lobes, there may be a three-fold jncrease 'in Kr jn

some jsolated lobes. As wel l, extrapo'lat,ed va.lues of Pcrit,

reported f or i sol at,ed exci sed I obes are I ower than the

range of Pc used for most we'ight transient technìques with

lobes 'in Zone III of West. These results suggest that the
jntegrity of the microvascular membrane may be altered
duri ng the 'i sol at j on procedure af f ect'i ng subsequent

measuremenLs of fluid and proteìn fj jt,ratìon"

fn part I, the stepwise pressure elevation technique

was used to study the ne I at'i onsh ì p between rale of
constant wei ght gai n (ar ) and m'icrovascul ar pressure ( p" )

jn eight isolated canine left lower lobes with part,ìcular

attention to the range of pressures close to pcrit.

Continuous we'ight determinations were obtained at 1O times

the sensitiv'ity of previous reports to enabie measurements

of very sma-ll rates of constant weìght gain. To ensure

that straì ght, I 'ine extrapol ati ons i n Pcri t wene va1 i d, i n

12 additional experìments, the relatìonship of rate of
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ureight ga'in to Pc was examined by ìncreasing the col loid
osmotic pressure in order to obtain pcrit within the range

of pressures tested and sti'l I maint,ain Zone rrr conditions
wi thi n the 'lung (West et. âl . , 1964 ) " In addi ti on, the
change in Pcrit produced was used to calculate the osmotic

refIection coefficient (o) of the microvascular membrane"

other factors t,hat may inf luence eç 'include time and 'lobar

hydratì on . Deteriorat,i on of the 'lobe wi th t'ime may resu l t
'i n 'i ncreas ì ng permeab'i I i ty of the mi crovascu'rar membrane

whi le transvascular transport of prot,ein may gradual ly
decrease t,he coi loid osmotic grad'ient. rncreasìng rates of
weight gain have been observed once the 'lobe gains 50% of
init'ial we'ight suggesting a more permeable membrane. The

effects of time and hydration were evaluated in five
control lobes (group 3) by majntaining each'lobe at a

consfant Pc for 100-180 minutes and measurìng rates of
wei ght gai n at several 'interval s.

Another area of continuing controversy is the effect
of vascular volume changes on measurements of the rate of
we'ight gain fo'l iowing a change in capillary pressure. The

possìb'i f ity eNists that ongoìng slow vascular volume

changes may cont,inue for some time thus influencìng
measurements of f luid f iltrat'ion" In part II, laser
colorimetry was used to separat,e vascular volume changes

from ongo'ing transvascu'lar fluid exchange. rn 1z isolat,ed
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lobe prepara-t'i ons, tFansvascular fluid exchange was

measured di rectly by fol lowing on-l ine changes in
hematocrit, in the perfusate. These measurements were

correiated with microhematocrit determinations obtained af.

int,ervais t,hroughout the expen'iments, The volume of flu.id
exchange cal cu I ated f rom I aser hemaLocri t,s and

microhematocrits were compared to Lhe measured lobar
weight change during four pressure maneuvers.



METHODS
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ÏSOLATED LOBE PREPARATTON

Adult mongre'l dogs of either sex weighing 16-39 kS

were anesthet, jzed wjth pent,obarbjtaj sodìum (SO ng/kg, iv),
i ntu bated and vent i I ated w'i th 1 oo% oxygen on a Harvard

respi rator (model 560) set al a t jdal vo'lume of 1O-1s

mllkg and 12 breaths/minute. Wit,h the dog placed in the

ri ght I ateral decub'itus posì ti on, Þâral ysi s was i nduced

with intravenous succinylcholine (ZO mg) and the chest was

entered through a thoracotomy i n the f i fth 'i ntercostal
space. Once the chest was entered, positive end-exptratory
pressure at 5 cmHzO was added. The anjmal was given

heparì n sodi um ( 500 U/kg ) 'intravenousl y and, when f ul 1y

anti coagu I ated, a cannu I a was 'inserted and ti ed j nto t,he

art-ery of the left lower"lobe taking care not to admit air
bubb'les into the ci rculation" The cannula was al lowecl to
fj I I j n a retrograde manner from the I obe and then

clamped, The perìcard'ium was incised and a second cannura

was jnserted into the left atrìum, secured temporani ly,
allowed to fijl with blood from the atrìum, and clamped.

The dog was quickly exsanguinated through a femoral artery
cannula and the blood sa-ved to perfuse the system" The

venous cannula was advanced into the left lower lobe vein

and securely tìed in place. The left'lower lobe bronchus

was then exposed, ìncised and a cannula was inserted and

tied into the airway" The 'lobe r¡/as carefuily excised,
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perfused under low pressure with autoìogous blood and

inf latecl to remove areas of atelectasis. Three c'i rcular
f oam pa.ds, 3 cm i n dì ameter, each wi th a st,ri ng ti ed to
the center, were glued onto the surface of the inflated
I obe w'ith cya.noacry'late adhesi ve. To prevent, saggi ng of
the 'lobar hi lum with time, a l'ight metar f rame was

const'ructed wit,h a net at it,s base, The lobes were tied to
the apex of the frame usìng the pad strìngs and the hilar
structures were di rected through an open'i ng i n the neL.

The cannulas were secured to the frame to prevent tension.

The frame was suspended from a statham force transducer
with the hi ium of the lobe 'in a dependent position. The

force transducer was connected to a va] idyne cD- j9 carrier
demodu I ator and cont'inuous weì ght si gnal s were ampl i f i ed,

f i ltered and d'isplayed on a Brush Gould z6a oscj I lographìc
recorder such that a change of 1 gram resulted in a 25

division deflection on the chart paper" A combination of
suspension w'ith adhesive pads and support on the nett'ing
wìth the inflow and outflow cannulas t'ied to the st,ructure

resulted in a stable isolated lobe preparation using
highly sensitive weìght measurements. The lobe was

stati cal I y i nfl ated wi th 1 0o% oz at a transpul monary

pressure of 5 cmHzo. The arterial and venous cannulas were

connected to constant level reservoi rs of adjustable
heì ght', Blood from the venous reservoi r was pumped
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(MasterfleN Digìstaltic pump) through a heat exchanger at
3B'C and f i ltered t,hrough a ZO um hish capacity
transfusion filt,er (McZ1S1, Fênwal Laboratories of
Canada). An overflow tube from the arterjal to venous

reservoirs kept the arterial level constant. Sma'l I

catheters advanced just beyond the arterial and venous

cannula tips u,ere connected to Va'l idyne MC1-10 pressure

transducers by small fluid-filled catheters for inflow
(Pa ) and outflow (Pv ) pressure measurements, These were

zero referenced to the hilum of the lobe and the s'ignals

displayed on the osci I lographic recorder. The system was

enclosed in a 15 ft,3 plastic bag contain'i ng warm

humidifjed air (Fjgure 1 ).

Perfus'ion was establ ished under Zone III conditions
(on the average, Pu = 16, Pv = 12, and alveo'lar pressure

(Pa) = $ cmHeO). In an effort to recrujt lobar vessels,

the reservo'i rs were rai sed to a Pc of 25 cmHz O f or

approximately 2 minutes. The lobe was inflated to pn = ZO

cmHzO three times and allowed t,o stabilize for
approximately 30 minutes. After thjs tjme, lobes
consistently appeared to be in'ìsogravimetrjc condjtjons

af. t,he sensi tì vì ty used i n most 'isol ated I obe preparati ons

( t gram = 1.5 chart paper div jsions) but were aiways

observed to be gaìning weight at a constant, although very

slow, rate when the sensit'ivit,y was increased 1O-fo1d.
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FÏGURE 1 " Isolated iobe preparat,i on.
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STEPWTSE PRESSURE ELEVATTON

The lobes were prepared as described above" After the
period of stabilìzatìon, the experiment,s Þ{ere conducted as

fol I ows :

cRouP 1" srEP1,/rsE pRESSURE ELEVATrohrs" rn eight
'isol ated I obe preparati ons, pa and pu , start,ì ng at pa 

=

15.6 t 0"3 and Pv = 12.6 t 0"5 cmHzo, were elevated by

equal amounts in steps of approximateiy 2 cmHzo. h/eìght

was continuously recorded and when a constant rate of
wei ght gai n was establ i shed ( approxi matei y 1 s*20 m'inutes ) ,

Pc was obta'ined by the double occlusion technique (Dawson

et. ä1., 1982; Townsiey et" â1., 1986). Al 1 data obtained

during the exponential phase of weight gain were excluded.

Determinations were made over a range of pc between 12.s

and 25"5 cmHzO"

GROUP 2. TNCREASED COLLoTD oSMoTIc PRESSURE. Tn 12

I obes, rates of constant wei ght gai n were det,ermi ned at
three capillary pressures. Thereafter, the colloid osmotic

pressure (II) of the perfusate was 'increased with iOO ml

of 25% human serum album'in (Cutter Laboratories) over

approx'ìmately 20 minutes" After the lobe was al iowed to
restabilize, rates of constant weight gain were again

measured at three capilla.ry pressures, plasma samples were

drawn at' base line and at t,he end of each pressure

maneuver f or measu rements of total serum prote'i n by
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ref ractometry (At,ago) and II us'ing a Wescor 44AA col lojd
osmometer.

GROUP 3. CONTROLS. In five 'isolat,ed perfused 'lobes,

after the period of stabilizatìon, pc was set somewhere

between 14 and 24 cmHzo (det,ermined by double occlusion)
and kept constant for the durat'ion of the experiment.
Rates of weìght gain were evaluated at intervals of 5-10

minutes over 100-180 minutes.

All lobes were dried to a constant weisht"

ÏÏ " LASER COLORTMETRY

The I obes vüe re eNc i sed , pe rf used and stab i 1 i zed as

descri bed above. Fi gure z i1l ustrates the 'isoi ated I obe

preparat'ion with the laser interposed within the ci rcuit
for continuous on-l ine colorimetric mea.surements of
hematocri t. conti nuous wei ght recordi ngs were obtai ned

such that a 1 gram weìght, change produced a SO mV

def lection " Masterf lex 6409-17 tubi ng was used to mi n.imi ze

hemolysis. To prevent evaporation, the preparation was

enclosed in a p'l astic environment conta'i ning warm

hum'idif ied air and the openings of the reservoi rs were

covered wjth latex gloves.
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FIGURE 2" Laser colorimetry preparatjon
interposed jn the c'i rcuit before t,he rol ler
constant flow through the cuvette.

ARTERIAL
R ESER VOIR

The laser is
pump t,o ensure

k"^
FORCE TRANSDUCER

VENOUS
R ESER VOIR

þtí
HEAT

EXCHANGER
& FILTER

ROLLER
PUMP

I

Y
ART

\

BRON
CHUS

O2 SOURCE

LASER



21

(a) coLoRrMETRrc DEVTcE: This device is frased on the
Beer-Lambert law of absorption spectroscopy:

I/Lo = 'lQ-kcl (3)

where ro and r represent the incident and transmitted
1 ight intensities, respectìveiy, c the concentration of
the substance responsi bl e for the r i sht Lransmi ssi on

changes (in this ìnstance, the hematocr-i t), k the
extinction coefficient of the substance, and I the length
of t'he 1 ì ght pat,h th rough the so I ut i on " The dev i ce

generates a vo'ltage proport'ional t,o r./fo " The I aser devi ce

is a modification of that described by oppenheimer et. al.
(1987) and consists of a 50 mw continuous wave iaser diode
(spectra Diode) which emits iìght at 815 nm. The laser was

'interposed in the circuit immediatery before the ro'l ier
pump to ensure constant flow through the cuvette (Figure

2)" The cuveLte is a black acrylic plastic mount which

holds Tygon tubìng across t,he laser beam. To obtain the
best signal to noise rat'io possible given t,he power of the

laser d'iode, path 'length, 1, (Equatjon g) was set at 0.s
cm (internal diameter of the tubing). Directly across from

the incident ì'ight,, ihree photodiodes weFe mount,ed along

the surf ace of t,he tubi ng ensuri ng detecti on of the w'idel y

scattered beam transmitted through the column of blood.
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The photodiodes were connected i n paral lel to the
photode'i,ector c-i rcuit as described by oppenheimer et. al .

(1987). The laser diode ìs provided with a bu.i 1t-in
photodiode capab'le of measurìng 'l ight fluctuations 'in the

I ase r d'i ode chambe r . Th i s photod i ode was connected to a

separate phot,odetector circuit to correct for changes in
jncident l jsht ìntensity" The iaser d'iode is arso provided

w'ith a thermoelectric cooler capab'le of modifying its
operat'i ng temperature. Changes i n the operatì ng

temperature allowed modification of the wavelength of the

emitted light such that an isosbestic poìnt was reached (a

specific wavelengt,h in which the oxygen saturation of
hemoglob'in ceased to inf 'l uence l ight transmiss'ion). To

minimize power fluctuations, the laser current suppiy was

connected to an isolation transformer. rn additjon, smaì1

signal drifts related to fluctuations 'i n the incident
I'ì sht were correct,ed cont'inuousl y usi ng the sì gnal f rom

the bu i I t-'i n photod i ode :

Vc(t) = VD,R X (Vttlr/Vnttt ) (4)

where Vc(t) represents the corrected voìtage at, any time

(t), VD, R the reference voltage measured by the laser
diode phot,odetector at the beginnìng of the experimenLs,

and V<tl and Vortl, the vo'ltages registered in the cuvette



and the laser diode photodet,ector circuits at any time
( t) ' The vai i di ty of th'is equat'ion was conf i rmed as

fo'l lows: t,he lobe was clamped of f to prevent f 1uid
eNchange whije circulation continued through the overflow
tubing. For a constant hematocrìt,, the current t,hrough the
laser diode was varied to produce changes in emitted
1 i ght. The changes i n Vt t l were of si mi r ar magn'itude to
those observed in actual experìments but, because both

Vttl and Vo(t¡ changed in the same proportion, vc(r)
remained unchanged" occas'iona1 ly, and particularìy at the

beginnìng of t,he experiments, a slow drift unrelated to
f luctuat'ions in emitted I ight or hemoglobin saturat jon

could be detected. Th'is prob'lem was resolved once all
possible sources of evaporat,ìon were minim'ized as much as

poss'ib1e.

Lìght, transmission across the cuvette was assumed to
be proportional to the perfusate's hematocrit, Because the

hematocrit change produced by a un'it vol ume of exchanged

fluid is proportional to the total voiume in the cìrcuìt,
the size of the reservoirs and tubing were reduced as much

as poss'ible such that Lhe circuit, volume was a.bout 400 ml ,

rn addition, both reservoirs were provided with magnetic

sti rrers to optìmi ze mìxing and ensure a uniform
hematocrit throughout, the circu'it. To validate the device,
periodic sampìes of blood were obt,ained and hematocrit
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measured usìng eight 75 mm long microhematocrit tubes
( Fj sher ) for each determi nati on. The tubes were

centri f uged f or 5 m'inutes at B,0oo revol uti ons per m'inute

jn an Autocrit, II centrifuge (Clay Adams), and the
proportion of red cell to total blood voiume determined

visuai ly w'ith the help of the bui 1t-in hematocrit, scale
and magnifying glass" The det,ermjnatjons were not
corrected for t,he vol ume of other cel l s and pl asma that
could be trapped between red celjs. Thjs volume has been

estimated to be 3% of the packed cell volume (Bauer,

1982). Consìdering t,hat the hematocrit changes durìng the

experiments were less than 5%, this error would be smalj,

Periodic determinatjons of free hemoglobin were obtajned

spectrophotometrjcal ly (Baush and Lomb, Spect,ronjc 200

UV) 
"

b) PROTOCOL

In order to have measurabl e I 'i ght transmi ss'i on

t,hrough the blood cojumn in the cuvette (liSht pat,h 0.5

cm) , i t was necessary to reduce the perf usate hemat,ocr j t,

to less tha-n 5O%. This lvas accomplished w'it,h the dog's own

plasma" The roller pump was set at 100 rpm (about ZAO ml

per mjnute in anjmals), Because hemofilters offer
significant resjsLance to the flow of perfusate, the

caliben of the tubing used in the pump was decreased to
reduce flow to 120 m1/ninute. The pulsatile oscillations
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in lìght transmjssjon were ejectronjcally fjltered.
(j) CALIBRATION OF THE COLORIMETRIC DEVICE: Once a

stabie, drift free sìgnal was obtained, the device rqas

cal i brated as fol lows:

a) 50 ml of perfusate was drawn and centrifuged to
obtai n packed cel l s ( approxì mate'ly zo ml wi th a hematocni t
of 95%) "

b ) after measuri ng the the i ni ti al perfusate's
hematocri t, the packed cel I vor ume was d'ivi ded 'into 4

aliquots of 5 ml" Each aliquot was added sequentiaily Lo

the perfusate"

c) after each packed ceil aliquot had thoroughly
miNed with the perfusate, âs reflected by a steady
colorimetric signal, the voltage produced by the
colorimetric device was recorded and B smali sampies of
perfusate obtained for microhematocrit determinations, on

the average, each aliquot ìncreased hematocrit by o"B% and

produced a decrease in the colorimetric sìgnal of about

25o mv (sl ightiy sma'l ler with each a'l iquot due to t,he

exponenti al rel ati onsh'ip between hematocri t and I i ght

transmjssion)" The signal noise was about ZO mV.

d) the separated plasma (2b-go ml) and excess blood

drawn but not used in mìcrohematocrit measurements were

retu rned to the c i rcu i t to br i ng the pe rfusate's
hematocr i t back to base I i ne. Consequent 1 y, the
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cal i brati ons spanned changes i n hematocri t whi ch woul d

result f rom f i ltered volumes of 25-90 m] "

e) the logarithms of the voltages (vcrt) ) produced by

the colorjmeLric devjce (ord'inate) were pìott,ed aga'inst

hematocrjt determinations obtained by averagìng the B

microhematocrit measurements after each packed cell
af iquot (abscissa). In each experìment, a least-squares

linear best fit regressìon was drawn t,hrough b points
(injtjal and after each of 4 a'l iquots) and used to convert

the on-l ine colorimetric voltage to hematocrit. In each

experiment, the correlation bet,ween loS(Vc tt ) ) and

hematocrit determinations was excellent" The rz values

ranged from O,9294 to 0.9964, with an average value
(tS.D.) of O.9724 t 0"0264. Because there was significant
variabìlìty in the s'lopes (range -0.0604 to -O.g2g1 wjth
an a-verage (15.D. ) of -o "1479 t 0"0919), a cal'ibration
curve was constructed for each experiment. The calibration
factor was used to calculate on-line hematocrjt (Hct(r) )

at any gìven time:

Hctlt¡ = log(Vc(r) ) intercept,/s1ope (5)

f) the volume of perfusate used to fjl'1 t,he cjrcujt,
and cannulae was carefuì 1y recorded. In add'it,ion, Lo

account, for jnitjal b'lood vo'lume present ìn the lobar



27

vasculature, the ci rcuit volume (vr ) was calculated as

follows:

Vr = Vs x (Hcts Hcte )/(Hctz Hctr ) (6)

where Vs and Hcts represent the volume and Hct, of the
total packed cell sample, and Hctr and Hctz the circuit
hematocrit before and after the packed cells were added"

on the average, V: was about 10 ml larger than the volume

of blood used to fill the circuit.
( i .í ) CALCULATION OF TRANSVASCULAR EXCHANGE: VOI IAgCS

proportional to 1 ìght transm'ission obta.ined
colorimetrìca11y were converted to hematocr.its using the
regression described in equatìon 5, These measurements

were used to estimate the volume of fluid eNchanged at any

given time (VErt I ) wjth a modification of a formula
previously used by Drake et. al . (1978):

VEtrl = Vr x (t Hcti/Hctrtt) (7)

where v¡ and Hct: represent the initial circuit volume and

hematocri t, respecti vêl y, and Hctl r ¡ the hematocri t
measured at any given tjme (t). Vr was obÈained using
equation 6 "
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( j i i ) DETERMINATION OF FREE HEMOGLOBIN: S'jgn'if jcant

hemoiysis, wjth the release of free hemoglobin, could

affect colorìmetric determination of we'i ght gaìn jn z

ways: firstly, the presence of free hemoglob'in could

change the light transmission for any given hematocrit and

secondly, hemolysis could produce a change in hematocrit

ìndependent of filtration. To address the fìrst, concern,

spectrophotometric scans of plasma samples drawn aE the

beg'inning and end of 6 experiments were obtained, Whereas

there were si gni fi cant changes i n absorbance at
wavel engths I ower than 600 fiffi, i nd'icat,ì ng the presence of

some free hemoglobin, absorbance at 815 nm was always

zero. Thus, this waveiength was not absorbed signjfjcantly
by the concentrations of f ree hemog'lobin present in these

experjments" To address the second concern, samples of

blood were obtained, hematocrit measured and the sample

was di luted with water (to produce comp1ete hemolysìs) to

five predicted hematocrits ranging beLween 0"5 and 5%" The

light absorbance of these samples was measured at a

wavelength of 54O nm (Baush & Lomb, Spectronjc 200 UV) and

calìbration curves were obtajned by plotting these resulLs

agai nst the pred'icted hema.tocrì ts. At the end of the

experiments, the 1 ight absorbance of injt,ial and final
circujt piasma was measured and the degree of hemolysis

estjmated using these cal ibration curves. Thjs method
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proved very vari abl e, Addi ti onal experi ments usi ng the
cyanomethemoglobin technìque to measure free hemoglobin

were performed " As descrì bed by Wol f et. al . ( 1 987 ) ,

Drabkin's solution was used t,o convert hemogiobin into
cyanomethemog 1 obi n " Two sets of spectrophotomet,ri c

cal'ibration curves were constructed us'ing
cyanomethemoglobin standards (F.isher Djagnostjcs) at 4ZO

and 54o nm. Free hemoglob'in was measured at 42o nm mixing
2oo ul of plasma w'ith 5 ml of reagent. Total perfusate
hemog I ob'in concentrat,i on was measured at 54a nm mì xi ng zo

ui of blood with 5 ml of reagent. s'ince measurements of
f ree hemoglobin were < o"5'/o of the hematocrit change over

3 hours, hemolysis was not a significant factor in these

experiments.

( ì v ) PRESSURE MANEUVERS: AfIer The ca] i brali on

procedure was completed, lobes were infiated transìent1y
to 25 cmHeo to reduce atelectasis and both reservoirs were

rai sed to 25 cmHz o f or 3 m'i nutes to recrui t the I obar

vascul ature. Thereaf ter, art,eri ai ( p. ) , venous ( pv ) , and

airway (Pa ) pressures were man'ipuiated to place the entire
lobe jn Tone TII of West (htest et. ã1 ., 1964).
specìfìca]iy, Pn = ! cmHzo, Pv = pn + height + z cm{zo and

Pa = Pv + 4 cmHzo, The lobe was allowed to stabilize for
30 minutes. After the period of stabilization was

completed, Þulmonary capi 11ary hyclrost,atic pressure (pc )
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was increased by an average of g cmHao by simultaneousiy

raì s i ng both reservoì rs f or about, 4A m'i nutes. Both

reservoirs were then returned to baseline for a- comparabie

t'ime (f i rst Pc increase and decrease, respect'ively) "

Weight and 1 ìSht transmission sìgnals were measured

cont jnuously, This enti re procedure wa-s repeated for g0

mi nute peri ods ( second Pc 'i ncrease and decrease,
respectively)" Before and after each pressure change, p.

was measured with the double occlusion method (Dawson et,
âl , , 1982; Towns'ley et. âl " , 1986 ) and samples were drawn

for m'jcrohematocrjt measurements. To rule out the presence

of hemo r rhage , wh'i ch cou'l d p roduce we'i ght changes w i t,hout

concomitant changes in hematocrit, the lobes were flushed

thorough'l y wi th 1 .5 I 'iters of DexLran 7O at the end of
each experiment. Af ter f I ushi nE, a.l I 'lobes appeared

complete1y wh'ite except for smalI hemorrhagic areas under

the foam pads and around the hilum. They were also incised

in multipìe sites in an effort to visual ly detect
hemorrhages. Th'is was never the case. In the f i rst b

experiments, the lobes were homogenjzed
spectrophotometric anajysìs of the homogenate as described

above faijed to demonstrate any apprecjable amounts of
hemoglob'in, suggesting minimal hemorrhage. Thereafter,
absence of hemorrhage vúas accepted on vi sual 'inspect,i on

only.
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RESULTS
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PART I: STEPþ/TSE PRESSURE ELEVATTON

Fi gure 3, page 36 'i I I ustrates the resul ts obtai ned i n
group 'l , For each I obe, the rate of constant wei ght, ga j n

normal'ized for dry weight (s.min-1.g dry wt-1) was pìotted

against Pc 'i n cmHzO" The filtrat'ion coeffjcjent (Kr,

ml.min-1.cmHeO-1"9 dry wt-1) and Pcrit (cmHzO) were

determined from the slope and the zero weight change

jntercept of the least-squares I jnear regress'ion relating
consLant rate of weight gaìn to pc for each lobe" The

results are summarized in Table 1, page 57" To fac'i l'itate
comparjson wjth ot,her studies, Kr and pcrjt are ajso
expressed in ml.mjn-l .mmHg-1 . 10Og-t and mmHg,

respectively. Mean Kr ${as O"OOZZ t
ml.min-1.cmHeO-1.9 dry wt-1 (0.0853 t

0

0

.0003
, o 1 27

ml.min-1 "mmHg-1 "100g-1 ) and mean Pcrit was 9.53 t 1"18

cmHeO (7.01 t 0.87 mmHg). The correlation coefficients for
the regressions, summarized in column g, avenaged O,Bg t
0"05"

The data poi nts were poo'led and Fi gure 4 ( page Sg )

i i I ustrates the 'ìeast-squares I 'i near regress'ion obt,a j ned

by reìating a"li normalized rates of constant weight gain

in group 1 lobes to Pc: Qr (m'l .min-r.g dry wt-1) = 0"002

Pc - 0.021, r = O"75, df = 69, p(0.01. The calculated Kç

and Pcrjt from thjs regressìon were 0.0021 t 0.0002

ml.min-1"cmHeO-1"9m dry wt-r and 1O.B cmHzO (1"57 mmHg),



.l.l

respectively, very close to the values obtained by

averagìng Kr and Pcrit from jndiv'idua1 experiment,s.

The resujts from the 1Z lobes 'i n group Z are
summarìzed in Figure 5 (page gg). The solid sguares

represent constanL rates of weight gain obtajned before rr
was increased" Three determìnations of eç at ìncreasing pc

were obtained for each iobe. The open sguares represent
rates of constant weìght gaìn after rr was increased with
the infusion of 100 ml of 25% album'i n. The sol id I ines
represent least-squares linear regressions neiating raLes

of constant we j ght change and pc usi ng al I determi nat'ions

obtained in the 12 experiments. Table 2 (page 40) contains

the measurements of Kr, Pcrit, correlatjon coefficient of
the rel ati onshi ps, proteì n concentrati on, and I I before

and after the albumin infusion. Mean Kr increased from

0.0021 t 0.0006 ml.min-1 "cmHzO-1'g dry wt-1 to O.0046 t
0"002b ml'min-1.cmHeo-1.9 dry wt-1 pcrit, .increased from

12"21 t 2.41 to 22"98 t 1"76 cmHzO. Total protein
'increased from a mean of 5.00 t O.g7 to 9.61 t O"SB g/d1 ,

and II jncreased from 12"O3 t 2"41 to 36"97 t 5"79 mmHg.

Table 3 (page 41) includes the changes in pcrit and

piasma colloid osmotic pressure (rro¡ as measured in the

twelve group 2 iobes. This data was used to calculate the

membrane's drag ref lect,ion coeff jc'ient (cro ) as proposed by

Drake and Lai ne ( 1 9BB ) , where
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od=

Assumi ng that
of the change

the change i n

i n transmural

Pcrit would be the

Iï, then

(B)

consequence

I Pcrit = ooA (IIp IIt ) (e)

where rrt represent,s the interstitia'l colloid osmot'ic

pressure. At rates of fi I trati on i nduced i n these
experiments, t,issue protein concentration would reflect,
the compos'ition of the filtrate, hence,

IIt = (1-oo)IIp (10)

Equation 8'is obtained by subst,ituting equation io into
equation 9. changes in rrp were measured directiy and also

calculat,ed (TIpl ) us'ing the equat'ion derived by Landjs and

Pappenheimer (1963) relating II to piasma albumin
concentrati on ( cn ) . rt was assumed that the change 'in cp

responsible for the change in pcrit was exclusìve1y the
result of the albumin jnfused, hence

AIIp = 2.BCa + O.lBC¿2 + O"012Cn3 (11)

where Cn is concentration of album'in in gm,/ 1 00ml and I Ip
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is plasma oncotic pressure in mmHg. From Tab'le 3, the mean

od values were 0.57 t 0"10 us'ing direct measurements of
rrp and 0'66 t 0.08 using changes in piasma prot,eìn

concentrati on.

In Figure 6 (page 42), change in lobar weight as a

percent of initial we'ight is piotted against time for the
five control lobes (group 3). The pc at which the
measuremenLs were obtained is indicated next to each set
of data" The sol id I ines represent least-squares I inear
regress'ions obtained t,hrough the recti I inear port.ion of
the curves as proposed by Drake et. al. (1980)" In three
experiments, there was a slight acceleration in the raLe

of weight gain which always occurred after the lobes had

gai ned 30-40% of i ni ti a1 we'i ght. when pc was he'ìd at 24

cmHzo, the acce'leration occurred in approximately t hour,

when weì ght had 'increased by 4a%. At i ower pc , i obes

remained stable for approximately Z"S hours"
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FïGURE 3. Rat,e

pressure for each

of constant wejght, gain vs.

lobe in group 1 
"
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TABLE 1 . Summa.ry of Kc and pcr j t determ j nat, j ons.

Dog

Nlo.

Kr

ml.mìn- 1 "

cmHzO- 1 . g

dry w¿- t

Kc

ml.min-1.

mmHg- 1 '

1 009- t

Pcrit

mmHg

1

2

3

5

6

7

o

Mean

tSD

Reg ress ì on

0.0021

0.0021

0.0025

0. 001 7

0.0017

0. 0007

o,oo27

0.0037

o "oo22

10.0003

0.0021

r0 " 0002

0"1056

0.0670

o.1141

0.0815

0.0507

o "0245

0 . 1091

0"1296

0. oB53

lo "o127

0.91

0. 86

o. 94

0. 96

0. 99

0"56

0.96

0"95

0. 89

10.05

0. 75

8. 88

6 .05

9.05

8"29

5.31

1.94

8. 33

8 .21

7.01

to. B7

7 "57

Kç, f i'l t,ration coefficient; pcriL, critical capiliary
pressure. Regression denotes I east-squares I i near
regression relating rate of constant, weight gain to
capìi1ary pressure in group 1,
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FTGURE 4" Least,-squares I inear regression relat,ing rate of
const,ant, weight gajn (Ae ) to capil jary pressure (p" ) us.ing

all measurements obtajned jn group j.
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FïGURE 5. Rates of

squares) and after
capi I lary pressure

I i near regress'ions

constant, weight

(open oquares)

( Pc ) . The so] 'id

for each set of

gain (Ar) before (solid

addition of albumin vs.

lines are ieast-squares

dat,a 
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TABLE 3. Calculation of the reflect,ion coefficient.

Expt" Á Pcrit,
No. mmHg

Ä IIp,

mmHg

AIIpl,

mmHg

od oo1

1

2

e

4

5

6

7

B

I
10

11

12

Mean

tSD

9.7

Ão

9.0

7 "1

5"7

6"7

6"7

5"6

12"8

9"0

8.9

8.0

7.9

t2 .0

20"5

20"1

31 .4

10. B

22"1

25"8

25 .2

25 "7

¿-5"O

27 "1

32 "9

34 "O

taq

t6. 1

21 "4

16"1

17.9

14"4

14"8

17 "3

15.8

17"9

ID"IJ

18. I

22"8

21 "7

17.9

!2"6

0. 69

o. 54

0.53

0. 81

0"51

0.51

o"52

o"47

o.74

0. 58

o "52

0.49

0.57

to" 10

0.67

0.59

0. 71

o. 70

o.62

0.62

0.66

0"56

0. 90

0 " 69

0"62

0.61

0.66

r0 .08

Pcrìt, crrtical capì 1 lary pressure; od, microvascuiar drag

reflection coefficient for albumin; rrp, plasma col joid

osmotic pressure; Á rTpl and odI, values calcuiaied using

changes in proteìn concenLration.
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FïGURE 6. Rate of weieht ga'in as percent of init,ial weight
vs. tìme in controls (group S), In S experiments, Ëhere is
slight, acceleration once weight, has increased by 30-40% of
init,ial weight," P' , capi l1ary pressure.

0

-10
120

TIME (min)

BO

70

60

50

40

30

20

10

l-
I

L.i

)
E.o
L

tL

F
L
L!
O
É.
L¡J
o_
(n

z
a(J
F-
:f
O
ú
=

Pc: 18

6 Pc- 14

O --- Pc-18



Åa

PART ÏT. LASER COLORTMETRY

us'ing i aser col ori metry, ohgo'i ng changes i n perf usi on

hematocrit were fol'lowed in 1z isolated perfused ca-nine

lef*" lower lobes during four pressure maneuvers" The f j rst
i ncrea"se i n P" , measured by the doubi e occl usi on

technique, averaged g.o t 4.8 cmHzo. rt was maintained for
40 minutes and then returned to baseline for a s.imilar
time (first, decnease in pc). The second 'increase in pc

averaged 9,3 t 5"1 cmHzo" rt was ma'intained for 30 minutes

and then returned to baseline for 30 minutes (second pc

decrease).

Fi gure 7 ( page 47 ) 'i I I ustrates the time course of
weìght and color'ì metric data from a representative
experi ment. we'ight changes and ve ( t ) are depi cted wi th
squares and dots, respectìveiy" There are two major

discrepancies between the weisht and cororimetric data:

1) fol lowing step changes in p., the weìght t-ime

course fol lows a biphasic pattern, where initial rapid
events, attri buted to vascu i ar vo l ume changês, are
fol lowed by a slow exponential time course, whìch is
assumed to represent transvascuiar fluid exchange and

readjustment of st,arling's fonces acFoss the membrane.

However, the co'lorimetric data are considerably more

linear, suggesting a rate of constant filiration;
2) fol lowjng decreases ìn p", weights decrease over a
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long time perìod, suggestìng fluid reabsorption. However,

the colorimetric data suggest ongoing filiration, aithough
at a slower rate. This pattern was present .i n al l
experjments. To compare the tjme course of transva_scular

flu'id exchange obta'i ned by both rnet,hods, the fìrst S

minutes were discarded, where weìght signals are thought
to predomì nantl y represent vascu I ar vol ume changes, rn
figure B (page 48), the upper panel shows the avenage

wei ght ( c'i rcl es ) and the correspondi ng col orì met,r'ic data
(squares) fo1 lowing increases in p., expressed in relation
to 100 grams of initial lobar weight. The white symbols

represent the first increase in p", the black, the second

increase" For the fìrst increase ìn p., standard
deviat'ions are shown above the mean data. For the second,

they are placed below. When companing weisht, and

colorimetric data obtained at, the same t'ime, there was a
s'ignificant difference after 1o minutes (paired student,s
t' test), weight exceedìng colorimetric changes. whereas,

for the first 20 minutes, weight foirowed a slow
exponent'ial t,'ime course which was followed by constant
wei ght gai n, Lhe colorimetric data suggested constant
filtration throughout the period of observation. on the
average, f 1uìd accumulat'ion calculated colorimetrìcaì 1y

represented about 60% of weight increases. rn ihe lower
panel, s'ignal changes fol lowìng decreases 'in pc are shown
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using the same symbo'ls described above, There was a s'low,

gradua'l decrease in weight, whereas colorimetr.ic fluid
f I ux cont i nued a.t a const,ant rate .

Table 4 (page 49) summari zes t,he iniLjal cjrcu.it
volumes and hematocrits, estimates of f'l uid exchange

calculated from on-line colorimetric sìgna'l s,
microhematocrits and weìght, changes (after 3 minutes) for
each change'in Pc. rn Lhe first four lobes, hematocrits
were measured onl y at t,he begi nni ng and end of the
experiments. consequently, only total filtered voiumes

cal cu I ated f rom these measuremenls are reported ( f -inal

column, Hct(F)). On t,he average, estimates of fijtered
volumes from colorimet,r'ic and microhematocrit measurements

represented 61 and 56%, and 60 and 56% of gravimetric
determ'inatjons durìng the fjrst and second elevations jn

P., respectively. There was good agreement when est,ima-tes

of fìltered volumes from microhematocrjt (Vr*ncr)
rneasuremenLs were compared to col ori metri c determ-inatì ons

(Vrcimtr): Vrctmr. (ml) = Vpmhcr (m]) 0.17 ffi1, r -

0. 985 .

rn Figure 9 (page bo), microhematocrit, measurements

( average of B samp'les per measurement ) obtai ned dur ì ng the
course of the experjments (abscissa) are compared wjth
simultaneous colorimetric determinat'ions of hematocrit
(ord jnat,e) " The correlation was excel lent:
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laser hematocrìt = 1"A4

0 " 996.

x microhema-tocrit 58,

Table 5 (page s1 ) summarizes the microvascular
f iltration coef f icients carculat,ed using various
techniques. Kr r , column 1 , determined from lobar weisht
changes f ol l owi ng the f i rst pressure i ncrease us.ing the
extrapolation techniÇuê, averaged 0.493 t 0"190
mi'min-1'mmHg-1.i00g-t. To account for errors which may be

j ntroduced by s'low vascu I ar changes, Kr was al so obtai ned

by relating the rate of constant filtrat,ion to the applied
force imbala_nce. Kre (column z), obtained when the rate of
weight gaìn following the first pressure increase had

become constant (30-40 minutes), averaged 0.121 t 0.04g

ml.min-1.mmHg-1.100g-1 In column 3, Krs was obtained
usi ng least-squares I'i near regressions t,hrough al i
col orimetri c data poì nts f ol I ow'ing the f ì rst pressure
increase (r > 0.95 in all cases). Mean Kçs was 0.j11 t
O.O22 m1.min-r.mmHg-1.100g-t K¡+ (column 4) was

determined by reìatìng t,he change in constant er obtajned
colorìmetrically to the first, change in pc from baseline:

Kça = (const.Qr (lstpcuÞ) const.ec(lsrpcdown))/A p. (12)

Kt+ averaged 0,078 ! O"A2g ml"min-1.mmHg-l.jO0g-i Krr was

sìgnif icantly d'ifferent than Kç2, Kç¡ and t{¡¿ (p<0.001).
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FTGURE 7 " Laser colorimetry: an i I lustrat,ive exp@riment,.

Note how the weight tracing (squ&res) foI lows an

exponenti al t'ime course, suggesti ng edema f ormat,i on and

reabsorption, whereas the jaser signaj (dots) fi jters
continuousiy aÈ rates proportional to the microvascular
pressure.
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FTGURE 8. summary of a j I weight changes det,ermined f r^orn

the f orce transducen ( c-i rcl es ) and the I aser ( squanes ) .

The upper panel includes data from the fjrst, (white
symbois) and second (bTack symbols) jncreases jn Fe. The

Jower panel uses the same symbols to summarize data
following the return of pc to baseljne,
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FïGURE 9. compari son of I aser hematocri t,s and
mi crohematocri ts. Hematocri t,s cal cu I at,ed f rom the I aser
signa'l (abscissa) are pìotted against microhematocrit,
determinations (ordinate). The sol id 1 ine represents the
'least-squares I jnear best fjt"
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TABLE 5" summary of m'icrovascular f ilt,ratjon coeff icients.

Dog No. Kçl Kre Kr¡ Kr¿

1

2

e

4

5

6

7

(f

I
10

11

12

Mean

S. D.

0. 768

0.513

o. 504

0"896

o "228

0"506

0 .429

0"341

0"268

o"427

0.317

0"595

0.483

0.190

o"122

o"182

0.094

0.233

o"142

0"098

0.066

0.057

0. 081

0.149

o. 109

4"125

o"121

0.048

0.115

0"017

0"102

0.161

0.117

0"119

0.080

0"082

0.119

0"081

0.118

0.117

0"068

0.083

0"064

0"i17

0.066

0.118

o.054

0. 030

0.064

o.o44

0.110

0.116

0"078

0"02s

0.111

a "o22

All Ke values in ml.mjn-1.mmHg-1.100g-t Kçl and Krz, from

lobar weìghts usìng extrapolatìon and constant er-to-pc
relatìonshìp, respectìve1y. Krs and Ke+, from colorimet,rjc
data us i ng reg ress'i ons th rough vo I umes exchanged and

constant Qr-to-Pc relat,ionship, respectìve1y.
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I STEPWTSE PRESSURE ELEVATTON

The isolated lobe preparation follows a reproducible
a-nd characteri st'ic pattern of weì ght, change when step
changes i n Pc a.re i ntroduced. Rap'id changes i n we.i ght,
dominated by adjustment,s in vascuiar volume I are followed
by a slower phase of weìght change aiong an exponent-ial

t'ime course. This s'low exponent'i a1 weight trans.ìent has

been attributed to transvascular f luid f iltrat'ion (Drake,

et. ê1., 1978; coldberg, 1gB0) " Fjuid exchange with the
pulmonary tissues would result in readjustment of
star'l 'i nE's f orces across the mi crovascul ar membrane to
oppose further f 'i ltration. The time constant of this
exponent'ial weight change would be determined by the
microvascular fi ltration coefficient (Kç ) and changes in
tissue forces"

As tissue forces are difficult to measure, Kr has

been measured i ndi rectl y by extrapol atì ng the sl ow

exponenti a'l we'ight transient, to the time pc was changed.

At this poìnt, tìssue changes wou'ld be minjmal (Drake et.
ãf ", 1978; Goldbeig, 1980). Th-is approach is based on the
fol low'ing assumpt'ions: 1) an isogravimetric state exists
before pressure changes are introduced and is
reest,ablished once starling's forces readjust and z) the
siov¡ weì ght, transient, ref lecis f r uid exchange between

vascu I ar and 'intersti t,i aì compartmenLs excl usi vel y. usi ng
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the weight transient techn'ique, Kr is frequent,ìy obtained
afler Pc 'is increased from a baseline of 10 to 15 cmHzo,

where the lobe is thought to be ìsogravimetric. However,

Morriss et. al. (19gO) and Ehnhart et. al. (1984) have

reported raLes of constant we'ight gai n at pc < 10 cmHz o 'in

isolated canine lobes. rf this is so, isograv.imetnic
cond'it'ions would not be present over the range of pc

usual 1y used in isolated canine lobes. Fluid exchange

could occur through structures other than the
m'i crovascular membrane and signif icantly inf luence
estimates of Kc.

ïn part r, the experiments in group 1 were undertaken

to exam'i ne this possibil'i ty. The result,s obtained
confj rmed Lhe fi ndi ngs of Morri ss et. al . ( 1 9eO ) and

Ehrhart et" al . (1984). By means of a h.igher wejght
sensi ti vi ty and f ol I owi ng the wei ght t'ime course f or l ong

per ì ods , rates of constant we i ght ga'i n ( constant f or
approximate'ly 10 minutes) were observed at pc less than 10

cmHzo. As shown in Table 6 (page 57), the mean filtratìon
coefficient of 0.085 ml.min-1 .mmHg-i .100g-r was close to
the Kr of 0.07 ml.min-1.mmHg-1.1OOg-t reported by Ehrhart
et. al ' ( 1 984 ) but four-fol d smal I er than the val ue of
0.30 ml.min-1"mmHg-1.100g-1 obtained by Morriss et" a'l .

(1980) in isolated excised canine lobes. presumabìy ihese
dìfferences ref lect the var.iabì ì ity of the preparatjon in



different laboratories, usìng comparable units of Kc as

reported by Drake and Lajne (1981 ), estimated Kr values
from group 1 robes and group 2 r obes before the
administration of aibumin (Table 6) were found to be

si mi I ar to determi natì ons obtai ned f rom i n si tu i sol a_t,ed

lobes (Drake and Gabe1, i981; Drake et. ar. 1980;, Mink
et. â1., 1985) and 'intact anjmal preparations (Guyton and

L'indsey, 1959). A sìgnjf jcant d.ifference does exist in the
estimates of pcrit between in vivo and excised
prepara-tions which may be related to either increased
microvascular permeability or ligat.i on of lymphatic
vessels in excised preparations as suggested by Morriss
et. al. (1980)"

The potent'i a I ef f ect of constant we i ght ga i n on

wei ght transi ent determi nat'ions of Kr .is -i I I ustrated i n

Fìgure lO, page SB, (an experiment from group S).
rnitial iy, t,he lobe appears to be ìsograv.imetric at
basel'ine Pc but, when high sensitivities are used (Figure
10, bottom left), a rate of constant weight ga'i n is
present" rn the top panei, the change in lobar weìght
followìng a step change 'in pc from 12 to zz cmHzo is
shown. Af ter the 'ini ti al f ast wei ght changes, the rate of
weì ght gaì n changes exponenti al I y unti I ì t becomes

+^^.1- ^+ -.-i--Çuilì> r.,c¿fì L ai- approx j rnale ly 30 ml nuies. The ef f ect of
constant, u're'ight gain would be most signifjcant if jt ivere



present f rom the t,i rne the change i n pc was i ntroduced
(Figure 10, Lap, dashed line)" Figure 10, bot,tom right,
represents determinatjons of Kç usìng the weisht, Lrans-ient,

technìque" The solid line represents a ìeast-squares best
fìt obtajned between 3 and 1o m'inutes using the ìogarithm
of the rate of totai lobar weight gaìn. As constant weìght
gai n may ref lect f 'l uid exchange across structures other
than the microvascular membrane, it was subtracted from
the total wei ght change. The dashed I'ine represents an

extrapolate of the logarit,hm of weight gain after rate of
constant we ì ght gaì n uras subtracted f rom the total we.i ght

change . There was no d'if f erence 'ín the extrapol ated
values. sjmi lar results were obLained in other exper.iments
'in group 3 where changes 'in pc > 7 cmHzo were appl ied. The

average Kc obtained usìng the extrapolat,ion met,hod in
group 3 lobes was 0.0069 t 0.0029 ml.min-1.cmHeO-1.g dry
wt-1 (O.227 t 0.069 ml"min-1.mmHg-r.10Og-i ), about three
t'imes hi gher than the constant rate of wei ght gai n

determjnat'jons reported in Table 1 (page g7) but, s jmj lar
to val ues of Kr report,ed by Drake et. al . ( 1978 ) and Ri ppe

et. al . ( 1 985 ) . In the prepara_t,i on used for the
experiments in Part r, raLes of consLant we'ight gain did
not seem to sì gni f i cantl y af f ect determ'i nat,ì ons of Kç

using weight t,¡ ansient technigues over the range of pc

tested.
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TABLE 6, summary of Kr and pcrit from several studies.

Study Krl Kre Pcrìt cmHzO Pcrit mmHg

Group 1

Group 2+

Morriss

et.al.(19e0)
Eh rhart

et.a].(1984)

Morriss

et.al.(1980)

Mi nk

et.al.(19e5)

Guyton and

Li ndsey ( 1 959 )

o.oo22

t0 " 0003

0.0021

t0 " 0006

0"085

10.013

o"1027

t0.021

0. 30

r0"16

0"07

10.029

Excised Tobes

L 53

ti.18

12"2

!2"41

L"*>

!4"9

6 "7

13. 0

Intact Tobes

0.09 27 "3

10.03 16 " 4

0.086 22 "3

ro.058 t6.4

Intact animaJs

0"07 34

7.01

10.87

9.0

t1 .76

1 "7

13"6

^q

!2 .2

20"1

!4 "7

16.4

t6 ,2

25

Values are means t SD. Kçl

Krz, nnl.min-1 "mmHg-1 .100

al bumi n "

, fiìl.min-1 .cmHzO-1 .g dny

-_ 
4 ù ^g-'; o' Group 2 lobes

wt-1;

before
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FïGURE 1 o " Effect of constant weì ght gai n on wei ght,

transient determinations of Kç. Top panel, iobar we.i sht
tracìng at baseline and following a step increa.se in pc

f rom 12 to 22 cmHeo. Dashed I ine i I lust,rat,es t,he effect of
constant we'ìght gajn if present from the time the pressure

change is introduced" Bottom left pane'l , 'init'ial g minutes

of the same iobar weight tracing using high sens'itivity
weight measurements. Bottom right pane1, Kr determined by

eNtrapolation before (so1 id I ine) and after (dashed I ine)
raLe of constant, weight gain 'is subtracted from the total
lobar wejght change.
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To shift Pcrit to higher values, loo ml of 25% human

serum aibumin was added to each lobe in group 2 after
init'ial rates of weight gain were determined at three
leve'ls of Pc. rn this wây, t,he zero f i'lt,rat'ion intercept
would not be outside of the range of pc tested,
ma'intajnìng zone Trr cond'it'ions. rn sjx experiments, after
the admin'istration of albumin, pc was rowered in steps to
gradually decrease the rate of constant weìght gaìn" To

obt,ain a direct measurement of pcrìt, this process could

be continued until a Pc was reached where weìght gain

stopped. However, i n i sol ated I obe preparati ons, where

lymphatìc drainage has been interrupted, ho net fi ltration
occurs durìng isograv'i metric conditions. However,

intravascular protein cou'ld diffuse int,o the interst,itium
ìnducing a. new imba'lance of starlìng's forces in favor of
f i ltration such that an 'isogravimetric state would not be

maintained. To avoid this potential 1y confoundìng
phenomenon, Pc was reduced to produce very small rates of
constant weight gain and pcrit was obt,ained by

extrapoiation, although from rates of weight gain close to
zero. Errors as the resuiL of extrapolation wouId be

minimized. However, at smali rates of filtrat'ion, it, is
possible for prote'in diffusion sti I I to inf luence the
f orce i mbal ance ä.c ross ttre mi c rovascu I ar membrane . rf so ,

one r¡rou I d expect smal I rates of constant wei ght gajn not
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to satìsfy a l'lnear rela.tionshìp with pc . This was never

the case, However, because of this possìbility, in six
other experimen'cs identified with an asterisk'in Tabre z

(page 40), Pc wa-s lowered to induce f luid reabsonptjon" In
these experiments, Pcrit represented the zèro rate of
weì ght gai n i ntercept of a l east,-squares I i near regress.ion

obt,ai ned usi ng pos'it'ive and negat'ive rates of wei ght

change. There was no difference in the pcrjt obtained in

these two subgroups (unpa'i red Student's t t,est).

Lunde and Waal er ( 1 969 ) reported rat,es of wei Sht I oss

and gain when changes in II were introduced. At left
atrial pressures of 15 cmHz O thei r prepanati ons 'lost

weight,. When plasma col loid osmotic pressure (ffo ¡ was

lowered by 3O7", weight gain ensued, Further changes from

h i Sh to 'l ow and back to h'j gh I Ip perf usates had the same

effect," Presumably, decreases and increases in IIp moved

the balance of forces above and below pcrit, respect'ive1y"

constant rates of weight, loss have also been observed by

other j nvesti gators. Uter et. al . ( 1 966 ) rel ated constant

rate of weìght change to Pc in isolated lobe and lung
preparati ons when the aì rways were f i I 'led w'ith ai r,
Rìnger, or col loid solutions, The relatìonshìps reported

in t,he j r study were very s'imi lar to the experiments
rârìrìr'f ar| L¡anaì n ldhan D- rrrãê I nt.rnr^ã t\^1^,.. ; + i ^^ f, vpv ¡rvr v ¡r¡. rr¡tEt¡ I Ç vygè tvwçt çu ug ¡\JW o- Çl I t lud. I

ieve'l , rates of constan'u weìght loss proportional to pc
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followed a linear relat.jonship, In a subsequent siudy,
where t'he perfusate's Tr was ìncreased, they demonstrated

a modest increase in pcrit and also a change in the slope
re 1 a-t ì ng the rate of constant, we.i ght change to the
djfference between pc and II (Uter et. ã1 ., j967).
However, when Guyton and Lìndsey (19Sg) decreased II, they
failed to detect any change .in Kç.

The increase 'in slope of constant rate of we.ight gaìn

to Pc relatìonshìps observed'in the present study could
ref lect an 'i ncrease in microvascular permeabi l.i ty
associated with the adm'i nist,ration of albumin. Because
outdated human serum aibumìn was used initìai ìy, this
seemed a dist'inct possibilit,y. However, in the last three
experiments, f resh albumin solutions were used and s.imi lar
changes in the relatìonsh'ip were observed. This finding .is

contrary to observat.ions made by other'investi gators who

report smal I increases in Kr when protein concentrat.ion is
decreased (Huxiey and curry, 1985), No eNpìanation courd
be derived f rom the data " rf t,h i s phenomenon was i ndeed

secondary to microvascuiar permeabi I ity changês, it was

not of sufficient magn'itude to prevent-increases.in pcrit
in assoc'iat'ion with .increased II.

The estjmates of the membrane drag refjection
¡-naff inìan.{- (^ r -7 L ñ 4^LvEr rruieilu \u.o/ ? u.lu ä-nc u,66 t o,tg, Table 3, page

41) obtained 'in these experiments are higher than those
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reported by Rippe et" al. (198s), where o was found to be

o.48 usìng a we"i ght trans'ient approach in isolated dog

I obes , and al so h'igher than esti mates reported by parker

et. al. (1981) in anesthet'i zed dogs (oo = 0.50) using
analysìs of lung lymph. The calculat,ions of od shown .i n

Table 3 could be too high 'if the change in rrr assoc-iated

with the administration of albumin was overestimated.
However, experiments with pro'longed ieft, atr-iai pressure

elevations in sheep have shown that changes in rrt
calculated from lymphatic samples may be underestimat,ed
uniess enough time 'is al lowed to establ ish a true steady

state of ìymph proteìn concent,ration with f ilt,ration
(Parker et. al., jgBS)" If thjs is also the case in dogs,

est jmat,es report,ed by parker et. al " ( 1981 ) may have been

too low.

The calculations of Kr and od obta.ined .in this study
suggest lhat, the ì ntegri ty of the m'icrovascul ar membrane

is not significantly affect,ed by the isolation procedure.

The control gnoup demonstrates that th.is preparation
rema- ì ns stab I e ove r seve ra I hou rs and t,hat t,he rate of
edema formatìon t,ends to accelerate slightly oniy when the
volume of fluid accumulated exceeds Go-40% of in-itial
'lobar weight. The fact that t,hese preparations gaìn weight
cont'i nuously at low pressures may [reen attribuied to
increased mjcrovascular permeabj I jty but this could also
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be explained by consìdering that pcrit is lower t,han the
range of Pc used'in most gravimetric studies. rn isolated
Iobe preparations, 1ow pcrit may be reIated to lymphatic
and bronchial vessel obstruction without ìnjury to the
m'icrovascu i ar membrane. rn th i s preparatì on, constant
rates of wei ght gai n di d noL si gni fi cant,1 y i nfl uence

determ'inations of Kr using the weight t,ransìent method.

IT LASER COLORTMETRY

since it is dìfficult, to separate vascular from
extravascular volume changes'in weight trac.ings obt,a-ined

from lung and lobar preparations, the time course of
vascular volume expansion fol low'i ng an increase .in pc

remains controversìal. Alt,hough it is common practice to
consider vascular volume changes to have been completed
three to f ive minutes fol low'ing t,he hydrost,atic pressure

change, several st,udies indicate that this may not be a

val'i d assumption. Lunde and Waaler (1969) conducted
experiments in wh'ich they used the emitted radioactivit,y
of 51cr-labelled red cells as an indepenclent measurement

of vascul ar vol ume " changes ì n pu I monary rad i oacti vi ty
were f ol I owed conti nuous'ly w'it,h a sci nti I 'lat,i on counter
poì nted at the ì sol at,ed rabbi t I ung preparat.ion. t{hen

small changes in hydrostatic pressuie were introduced,
weìght and radioactivity signal changes were
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indistingu'isha-ble. This was at,iributed to a lack of
sensi tì vi ty of i:he techni que. !Vi th pressure changes of
approximately 15 mmHg, Lhe rate in we'i ght, ga.in after S

m'i nutes exceeded the rate of change i n pu l monary

radioactivìty, which decreased with time, but did not
complet,ely reach a plaLeau during the period of
observatjon (lO mìnut,es). The djfference vúas jnt,erpreted

as filtration. similar findìngs were reported by Lee and

Lee (1979) a'lso usìng 51Cr-labelled red cells. Under Zone

rr condit'ions, elevation of pc produced rapid increases in
we"ight and radioactivìty fol lowed by a siower gaìn" The

blood volume change was estimated to represent 4o-7o% of
the total we ì ght change . s i nce we'i ght and t ì ssue
radjoactivity rema'ined hìgher than the or.i gina'l values
when Pc was return to baseline, they suggested that the
'i ncreased radioactivity could be consistent with
recrui tment of mi crovessel s, Greenway et. ai " ( 1 g7o )

performed simi lar experiments in isolated, in sit,u, cat
I jver preparations. Fol iowing changes in p", radioact.jv jty
increased for about 30 minutes. when vascular volume was

subtracted from total hepat,ìc volume changes, the rate of
fj ltratjon appeared constant,. Chang et. al. ( lgZg), using

muit'iple ìnd'icators, calcu'lated the changes in vascuiar,
avt.nâ\/âcnrr-l ar anÅ ¡a1'Ìr¡'1 an ^ .r^1'r^.,.;^^ L..!.---r-!i -krrv vE I ru rqr ù|JeuEÞ tv I t(Jw trtv IlyuI u$Lau lL_

pFessure changes. Thei r resul Ls were simi I ar to the



results reported herein: lobes aìways ga.ined weight, Lhe

rate of wei ght, ga'in was proporti onal t,o the mi crovascul ar
hydrostatic pressure, no fruid reabsorpt,jon was det,ected

and va-scular volume changes pers'isted for as long as l5
minutes fol lowing microvascular hydrostat,.ì c pressure
i ncreases of 1 O mmHg.

calculat,ions of t,ransvascular fluN using the
colorimetric approach suggest that a sign.i ficant
p ropo rt i on of the we i ght, change af t,e r the f i rst, th ree

minutes (F'igure 7, page 47) are the result of slow
vascular volume changes. rt is generaiiy accepted that the
slow exponential weìght gain reflect,s readjustment of
starl'ing's forces across the m j crovascu j a-r membrane wi th
fi ltration (Drake et" âl. , j97g; Taylor and parker, 1gB4).

However, t,he constant rates of f i I trati on observed
colorjmetrìcal 1y suggest that slow vascular volume changes

are predominantly responsible for the slow exponent.ial
shape of the I obar we'i ght t'i me counse. sl ow stress
relaxation of pulmonary vesse js fol lowing eJevat.ion of
hydrostat'i c pressure, as proposed by sarnoff et. al.
(1952), would explaìn these findings. rf tissue pressures

do, in f act, change with f i lt,ration, f luid reabsorpt,.ion

should occur once microvascular hydrost,atic pressure is
ret,urnec Lc basel ine. Reabsorpt,ìon was not cjetectecj wjt,h

coJorimetric measurements of fluid exchange even though
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sl ow exponent'ial wei ght decreases were observed, agaì n

suggesting t,he possìbìììty of slow vascular volume

changes. The mea.surements appeared to be correct in that
calculations of f ilt,ered volumes using the on-l ine
col ori metri c devi ce correl ated wel I wi th measuremenLs

obt,ained wìt,h the mìcrohematocrit t,echnìque (Table 4, page

49). Also, given enough time (about, ZO minutes), rates of
f i'l trat'i on ca'l cuiated f rom changes in we'i ght, and

colorimetric est,imates of f i lt,ratjon became closer (f igure
8, upper panel ).

Maron et. al . ( 1 987 ) have found ci rcui t hemol ysi s to
sìgnifjcantly influence calculatjons of fi jtered volumes

usi ng the'i r hemat,ocri t-protei n technì que. Therefore, they
proposed a correction pnocedure based on measurìng free
hemogìobin in the perfusate. Measurements of free
hemoglobin conducted durìng the cororimetric experjments

proved very vari abl e and unrel i abl e. Neverthel ess, sì nce

absorptìon of free hemogìobìn was negl igible at a

wavelength of Bi5 hffi, hemolysis did not appear to
int,erfere significantly with measurements of transvascular
flux us'i ng laser colorimetry. Also, using the
cyanomethemoglobin technìque, t,he degree of hemolysis in
these expe r i ments was dete rm'i ned to be ve ry sma I I .

l-Jntorar¡ar ^^1^-ì*^+*ì^ ^^..J *-l^^^L^*^+^^.-:¿ --r ---a -!l¡¡viiçvv¡, uv¡u¡ ¡¡¡lç\,. lL/ ct.lL¡ it¡¡UaUa¡glt¡iÍ'LUL;i'-lt CAIÇU¡Af'lOnS may

have underestimated fluid exchange by about 0.8 ml.hr-r
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(Hancock et. ã1 ", 'i n press) " Although hemolysis of a.

significant, degree would underestjmate edema accumulat,jon

and perhaps eNp'lain differences between weight changes and

filtered volumes foirow'ing pc increases, it would not
account for the failure to detect flu-id reabsorptjon from
colorimetric or microhemat,ocr-it determìnations of f i ltered
volumes, where it should have resuited in filtered volume

ove rest i mat i ons .

As previously described, Lhe m'icrovascular f -i ltration
coeffjcient (Kr ) is frequently estjmated us.ing the weìght
transìent technique, where the slow exponential rate of
weìght change is extrapolated to the time pc is changed
(Drake et' â1., i978; Taylor and parker, 1984; unruh et"
â1., 1984). To the extent it is inf'luenced by slow
vascu I ar changês, th i s method wi 1 I overesti mate Kr .

Ai ternaLì ve'ly, Kr may be determi ned by re'latì ng rat,es of
constant filtra.tion lo the change in pc. As shown in Table
5 (page 51), Kr obta'ined .in thjs way (Krz) as well as Kr

obtai ned us Í ng I east-sguares I 'i nea r reg ress i ons th rough
colorìmetric measurements of transvascu'lar fluid flu><
( Kr a ) were f our^-f ol d I ower than Kr obtai ned usì ng the
extrapo l at,i on techn'ique ( Kr r ) " These resu l ts support the
measurements of Kr reported by Dra-ke and Gabel (t9gj).
There wa.s good agreement between determ.i nat.ions of Kr

using colorimetric and constant weìght gain est,imaLes of
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fiitration" rn Table s, Kr was also measured by relating
the cha-nge 'in constant er obta'ined coi ori metrì caì I y to the
first change in Pc (Kr¿). These determ'ínations of Kç are
'in close agneement with Kr calcu'latìons reported by

Ehrha-rt et. al . ( 1 9e4 ) and wi th val ues reported i n part I
us'i ng the s l ope of the re I at i onsh ì p between rates of
constant weight gain and pc in 'isolated excised canine
I obes.

The resu I ts suggest that, f o'l r ow'i ng changes i n

vascu I ar hydrost,ati c pnessure, vascu I ar vol ume changes

conti nue over a much l onger peri od than i s genera'l 1y

accepted " The constant rate of f ì I t rat-i on obse rved
suggests that fluid fi lt,ration is greatly influenced by an

accessible, complìant compartment. The rate of constant,
weight, gain would be det,erm'i ned by the starl ing force
imbalance at the microvascular membrane, the hydrostat.ic
pressure in the compljant compartment and the resistance
encountered by the f 1u'id i n 'its course through membranes

and t'issues. over the range of microvascular pressures
tested, t'ransvascular forces acting across the
microvascular membrane never reached equi I ibr.ium and, as

such, a state of const,ant f i ltration proportiona'l to
pu l monary cap i 'l 1 ary hyd rostat'i c p ressu re pe rs i sted .

Þrnlnnna¡l r¡oo¡¡¡'la- \,^'1 ,,*^ ^L^^^^^- -^.-r^----'¡¡v'¡v":,vv vqavu¡qr vur\rilre uilcilrucur perfrap:; oue to stress

relaxation of pulmonary vessels jn response to an increase
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in capillary pressure, appea-r to be responsible for the
exponent i a 1 t'i me cou rse of I obar we i ght change . Rates of
constant fj I trat,ion wi 1 I , Lherefore, be a closer measure

of Lransvascular flux Ehan the init,'ial weight time course.
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