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A B S T R A C T We used a single-pass multiple tracer
technique to measure cardiac output, extravascular
lung water (EVLW) and lung vascular ['4C]urea per-
meability-surface area (PSu) in 14 patients with acute
respiratory failure and pulmonary edema. All patients
had increased EVLW, but EVLW in the 10 surviving
patients (0.26±0.06 SE ml/ml total lung capacity
[TLC]) was not significantly different from that in the
five patients who died (0.22±0.05). EVLW did not
correlate with intravascular pressures or with alveolar-
arterial oxygen pressure difference (A-aDO2). PSu was
lower in surviving patients (0.50±0.16 SE ml/s X liter
TLC) than in patients who died (3.44±0.36; P < 0.05)
and also lower than in previously reported data in
patients with normal PSu. PSu correlated significantly
with A-aDO2. Serial studies showed that PSu returned
from a low value toward normal in a patient who sur-
vived but remained high in a patient who died. We
conclude that the amount of edema in the lungs mea-
sured by indicator methods was not the principal de-
terminant of either the magnitude of oxygenation de-
fect or survival in the patients studied. We interpret
the low PSu in surviving patients as decreased surface
area and infer that the ability of the lung circulation
to reduce perfusion of damaged and edematous areas
was important in preserving oxygenation. A high PSu,
presumably reflecting perfusion of areas with in-
creased permeability, was a sign of especially poor
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prognosis. Multiple tracer techniques for measuring
lung vascular PSu may help to define the pathogenesis
and to evaluate therapies of acute lung injury in hu-
mans. Such measurements may be a more useful clin-
ical tool than measurements of lung water in patients
with acute respiratory failure and pulmonary edema.

INTRODUCTION

Pulmonary edema is commonly associated with acute
respiratory failure in humans without preexisting lung
disease. In the absence of heart failure, that condition
is often called the adult respiratory distress syndrome
(ARDS).' Although the hypoxemia in these patients is
usually attributed to edema, other abnormalities in
both airway and vascular function may contribute to
inadequate oxygenation (1).
Lung edema in ARDS is thought to result from in-

creased vascular permeability to water and proteins.
However, the pathogenesis of the syndrome in humans
has been largely inferred from animal studies, because
there have been no techniques for measuring lung vas-
cular permeability in living humans.

Apart from hydrostatic and oncotic pressures (the
"Starling forces"), determinants of fluid and solute
filtration from the intravascular space into the lung
include both the permeability of exchanging vessels

I Abbreviations used in this paper: A-aDO2, alveolar-ar-
terial oxygen gradient; ARDS, adult respiratory distress syn-
drome; EVLW, extravascular lung water; PSu, urea per-
meability-surface area; TLC, total lung capacity.
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and their surface area (2). There is good evidence that
parallel inhomogeneities in flow resistance develop in
injured lungs, so that flow to hypoxic (and edematous)
regions is reduced (3). This decreased perfusion of
malfunctioning areas would reduce perfused vascular
surface area. In patients with acute respiratory failure,
both increased vascular permeability and decreased
exchanging vessel surface area would be expected.

Several techniques for measuring vascular perme-
ability have been used in experimental animals, in-
cluding measurements of lung lymph flow and protein
content (4-6) and external scanning of radiolabeled
macromolecules (7-8). A common feature of the tech-
niques is that the measurements do not separate per-
meability from exchanging vessel surface area.

Previously, we used a multiple tracer technique to
measure lung water and vascular permeability-surface
area in animals (9-11) and humans with chronic heart
failure (12). We now have made these measurements
in patients with acute respiratory failure and pulmo-
nary edema. We found that the severity of the gas-
exchange abnormality in these patients did not cor-
relate with lung water, but did correlate with per-
meability-surface area for urea (PSu). These findings
are consistent with the notion that decreased perfusion
of injured (and therefore poorly ventilated) areas of
the lung helps preserve oxygenation of systemic blood
by improving the match of perfusion to ventilation
and that failure of this regulatory mechanism results
in more severe systemic hypoxemia. Low PSu in pa-
tients surviving acute respiratory failure suggested
decreased perfused surface area and high permeabil-
ity-surface area in patients dying of acute respiratory
failure suggested perfusion of injured areas of the lung.
We conclude that severe hypoxemia in acute respi-

ratory failure is due, at least in part, to a failure of the
lung to decrease flow to injured areas and that this
abnormality, reflected by a high permeability-surface
area, is a sign of particularly bad prognosis. Perme-
ability-surface area is lower than normal in patients
with milder gas exchange abnormalities, so that the
measurement may permit early diagnosis. Permeabil-
ity-surface area is a more useful measurement than
lung water, because it relates more closely to the gas
exchange function of the lung and to severity of disease
reflected in survival.

METHODS

Patient selection. We studied 14 patients with the clin-
ical diagnosis of acute respiratory failure and pulmonary
edema in the intensive care units at Vanderbilt University
Hospital and Duke University Medical Center. The only
criteria for acceptance into the study were an initial Pao,
< 50 torr at Fio, = 0.21, multilobar infiltrates on chest ra-
diograph, and no clinical evidence of heart failure (mea-

surements of pulmonary artery and wedge pressures were
made at the time of the study). Patients with prior history
of chronic lung or heart disease were excluded from the
study, but etiology of the constellation of physiologic ab-
normalities was not an exclusion criterion. Patients were
studied as early as possible after admission to the hospital
or onset of respiratory failure, usually within 24 h. Repeat
studies were done in two patients. Patients' therapies were
not altered in any way except that 10 patients were placed
on Fio, = 1.00 (fractional concentration of inspired oxygen)
for 15 min before the study for measurement of alveolar-
arterial oxygen gradient (A-aDO2). This was done whenever
possible to standardize conditions under which oxygenation
was measured. We recognize that Fio, may affect A-aDO2,
but values from patients breathing Fio, < 1.00 did not de-
termine any of the relationships presented below.

Indicator dilution methods. Before the study, a sample
of venous blood was obtained from each patient and the
erythrocytes were labeled by incubation with 51Cr-sodium
chromate for 1 h. The cells were washed twice with 0.89%
sodium chloride solution and resuspended to the original
volume. To this suspension, sterile, pyrogen-free solutions
of [3H]water, '251-human serum albumin and [14C]urea were
added. The volume of this mixture injected for each study
was 3.0 ml, containing 15 MCi 51Cr, 40 usCi 'H, 10 uCi 125I,
and 45,Ci 14C.

3 ml of the isotope mixture was injected as a bolus through
a central venous catheter and 30 blood samples were col-
lected at 1.5-2.0-s intervals by allowing blood to flow from
a radial artery cannula into heparinized tubes mounted on
a precisely timed rotating disc collector. Samples were an-
alyzed exactly as described several times in the literature
(9-13). Briefly, 125I and 51Cr activities were measured in a
gamma spectrometer in each blood sample and a sample of
the injected mixture. After ethanol precipitation, 14C and 'H
activities were measured in supernatant from the same sam-
ples in a liquid scintillation counter. Corrections for isotope
overlap and quenching were made.

Indicator curves were constructed for each isotope by plot-
ting activity in each sample relative to total activity injected
as a function of time after injection and the downslopes ex-
trapolated exponentially. All curves had recoveries of in-
jected indicator of 100±5%. We calculated cardiac output
as the reciprocal of the area under the 51Cr curve (14).
To calculate extravascular lung water and permeability-

surface area for ['4C]urea, we constructed a composite in-
travascular indicator curve from 51Cr and 125I data, weighted
for hematocrit and water content of erythrocytes and plasma
as described by Goresky et al. (15). This composite curve is
the appropriate intravascular reference for both [3H]water
and ['4C]urea, since both distribute in blood water and there
is intravascular separation of plasma and erythrocytes in
transit through the lung (16).
We calculated extravascular lung water (EVLW) as the

product of intravascular water flow (cardiac output X frac-
tional water content of blood) and the difference between
mean transit time of [3H]water and mean transit time of the
composite intravascular curve (15). We calculated perme-
ability-surface area (PSu) for [14C]urea by the formula of
Crone (17):

PSu = -F X ln (1 - E),

where F = intravascular water flow and

E = J (CR-Cure.) dt
Ja, CR
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where CR is the relative concentration of the composite in-
travascular reference curve, and Curea is the relative con-
centration of [t4C]urea, and t. and tp are the appearance time
and time of the peak of the reference curve, respectively.
Using the composite intravascular reference curve in the PS.
calculation assumes that erythrocyte permeability for urea
is large enough that it does not limit tracer urea exchange
under the conditions of our studies.
Computation of PS,, by mathematical model analysis has

been shown to be a more consistent method for computing
PSu in normal patients (12) and animals (18). However, many
of the studies in the series had extractions so low that model
methods were invalid. Hence, all PS,, values were computed
by the Crone extraction formula for consistency.
We normalized data to predicted total lung capacity

(TLC) to account for differences in lung size among patients.
Other measurements. We measured mean pulmonary

artery and pulmonary artery wedge pressures through Swan-
Ganz catheters placed in the pulmonary artery through an
antecubital vein. The zero reference was the midaxillary line
with patients supine. We measured Po2, Pco2, and pH in
arterial blood samples collected anaerobically just before the
indicator study and calculated alveolar Po2, assuming a re-
spiratory exchange ratio of 0.8. Total protein concentrations
were measured in plasma samples taken at the time of the
indicator studies by a modified biuret method, and protein
osmotic pressures were calculated by the equation of Landis
and Pappenheimer (19).

Statistics. Differences between groups were considered
significant if P was <0.05 (unpaired t test) (20). Correlation
coefficients between variables were calculated for a straight
line and for a parabola.

RESULTS

Table I summarizes demographic and clinical data for
the 14 patients studied. The spectrum of diagnoses is
typical of acute respiratory failure. The patients with

pneumococcal pneumonia and miliary tuberculosis
were included because both had extensive bilateral
infiltrates on chest radiograph and acute respiratory
failure. Five of the 14 patients died of respiratory fail-
ure, a mortality rate similar to that reported in the
literature (21).

Fig. 1 shows a representative set of indicator curves
from one of the studies. The steeper rise and higher
peak of the 51Cr-erythrocyte curve compared with that
of 1251-albumin is typical of animal (9-11) and human
(12) studies and presumably results from separation
of plasma and erythrocytes in transit through small
vessels (16). The ['4C]urea curve falls below both in-
travascular curves on the upslope and the [3H]water
curve is widely separated from the other indicators.
All curves exhibited recirculation, which was elimi-
nated by exponential downslope extrapolation.

Table II lists hemodynamic, arterial blood gas ten-
sion, and indicator data for all of the studies. There
was a broad range of abnormal oxygenation and two
patients had modestly elevated Paco, at the time they
were studied. All but two patients had pulmonary ar-
tery wedge pressures <15 torr. The two patients with
pulmonary artery wedge pressures >15 torr did not
have cardiomegaly on chest radiograph and had no
other evidence of heart failure. Indicator studies
showed a wide range of cardiac outputs, EVLW,
and PSu.

Fig. 2 summarizes indicator measurements in this
study and shows data from our previously reported
studies in patients with chronic heart disease (12).
Average normal data are shown for comparison. Nor-

TABLE I
Demographic and Clinical Data for Patients with ARDS

Patient Died of
no. Age Sex Weight Height Diagnosis respiratory failure

yr kg cm

1 38 F 61 158 Pneumococcal pneumonia No
2 61 F 55 158 Interstitial pneumonitis Yes
3 23 M 65 191 Pseudomonas pneumonia No
4 24 M 71 171 Gram-negative sepsis Yes
5 43 F 75 163 Viral pneumonia No
6 44 M 66 168 Hodgkins disease No
7 44 F 60 158 Aspiration pneumonia No
8 49 F 52 163 Cirrhosis, seizures No
9 43 F 76 160 Aspiration pneumonia No
10 71 F 52 150 Miliary tuberculosis No
11 51 M 87 173 Bronchopneumonia Yes
12 67 M 54 165 TTP*-renal failure No
13 59 F 133 160 Pulmonary embolism Yes
14 30 F 50 157 Acetaminophen overdose Yes

TTP, thrombotic thrombocytopenic purpura.
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FIGURE 1 Indicator dilution curves across the lungs in a patient with acute respiratory failure
and pulmonary edema.

mal values for lung water are from studies of Goresky
et al. (13) in normal human volunteers. Normal values
for 4C-PSu are from our previously reported studies
in patients with varying degrees of chronic heart fail-
ure (12). No measurements of lung 14C_PSu have been
made in normal humans, but we infer that values from
patients with chronic heart failure are normal, be-
cause: (a) some patients in that series had normal pul-
monary vascular pressures and cardiac output; (b)

there was a linear correlation of lung 4C-PSu with lung
volume in the entire group of patients, regardless of
pulmonary vascular pressures; (c) 4C-PSu did not cor-
relate with pulmonary vascular pressures in that series
of studies; and (d) animal studies showed no effect of
elevated left atrial pressure on lung vascular '4C_PSu.
Data from the five patients who died with respira-

tory failure and the nine patients who did not are
shown separately in Fig. 2 and all of the data are nor-

TABLE II
Hemodynamic, Blood Gas, and Indicator Data for Patients with ARDS

Mean pressure
pulmonary Plasma

Patient Study oncotic Cardiac
no. no. PEEP Fto, Pao, Paco, Artery Wedge pressure output EVLW 4C-PS.

cm H1O torr torr torr ml/s ml ml/s

1 1 15 0.50 66 34 11 7 18 155 911 0
2 1 4 0.60 43 35 22 10 17 101 711 19.0
3 1 10 0.35 87 38 24 6 18 65 558 8.3
4 1 10 1.00 161 39 24 10 15 105 1962 18.3
5 1 12 1.00 343 32 24 6 23 332 2801 2.4
6 1 10 0.35 62 31 29 12 18 76 574 6.1
7 1 15 1.00 277 36 31 9 26 325 2843 0
8 1 15 1.00 386 31 21 11 38 108 1247 0
9 1 10 1.00 360 34 27 14 29 157 748 2.4

2 0 1.00 493 34 25 10 17 69 398 5.6
10 1 17 1.00 265 32 39 10 24 127 1669 3.8
11 1 10 1.00 324 40 25 17 17 271 2209 13.3
12 1 0 1.00 368 33 24 10 11 28 568 0
13 1 14 1.00 211 50 41 22 21 234 580 20.2
14 1 10 0.60 106 37 22 13 15 96 1010 16.5

2 10 0.60 89 45 22 9 31 106 976 14.4

PEEP, positive end expiratory pressure.

342 Brigham, Kariman, Harris, Snapper, Bernard, and Young



50r-

CARDIAC OUTPUT
(mlAs)

TLC (liter)

l401-

20F

0.

EXTRAVASCULAR
LUNG WATER

T LC

[ 4C] u rea Ps
(ml/Is)

TLC ( liter)

*

.4-

2 -

5r -fI i

ot r-.r-,, I ~ ~ ~ *

NORMAL CHRONIC
HEART
FAILURE
(N 17 )

LIVED DIED
(N=9) (N-5)

ACUTE RESPIRATORY
FAI LURE

FIGURE 2 Cardiac output, EVLW, and lung vascular 14C-PSu in patients with chronic com-
pensated heart failure (12) and patients with acute respiratory failure and pulmonary edema.
An average normal value for cardiac output and normal values for EVLW from the literature
(13) are shown for comparison. The normal value for PSu is the same as the value in patients
with chronic heart failure (see text for justification). Data from patients surviving acute re-
spiratory failure are shown separate from those who died. All data are normalized to predicted
TLC.°, significantly different from chronic heart failure (P < 0.05); °°, significantly different
from both of the other groups (P < 0.05).

malized to predicted TLC to account for differences
in lung size among patients. As expected, cardiac out-
puts were higher in patients with respiratory failure
than in patients with heart disease (22), but the values
in patients who died with respiratory failure were sim-

ilar to values in patients who did not. EVLW was
higher in all respiratory failure patients than in pa-
tients with heart disease, but there was no significant
difference between patients who died with respiratory
failure and those who did not. In fact, on average,
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patients not dying of respiratory failure had more
edema by our measurement than those who died. "C-
PSU was significantly lower in surviving respiratory
failure patients than in patients with heart disease. '4C-
PSu was significantly higher in patients dying with re-
spiratory failure than in either of the other groups.

In contrast to patients with chronic heart failure
(12), there was no correlation between lung water and
the difference between lung microvascular pressure
and plasma oncotic pressure (Fig. 3). Neither was there
a correlation between the amount of measured EVLW
and the severity of the oxygenation defect as reflected
in the A-aDO2 (Fig. 4).
The relationship between "4C-PSu and A-aDO2 for

patients with respiratory failure and pulmonary edema
is shown in Fig. 5 for all of the studies. As in Fig. 2,
the normal value for '4C-PSu is from patients with
chronic heart failure (12). Although there was a sig-
nificant linear correlation between these two variables
in the patients with respiratory failure, the relationship
was described better by the parabola shown in the
figure (r = 0.68, P = 0.02). The same relationship from
serial studies in two patients is shown in Fig. 6. In the
patient who survived, 4C-PS,u increased toward normal
as gas exchange improved. In the patient who died,
4C-PS,u remained high as did A-aDO2.
As in our earlier studies (12), 4C-PS,u in the patients

reported here did not correlate with cardiac output
(r = 0.48, P = NS) or hematocrit (r = -0.37, P = NS).

DISCUSSION

Patients with acute respiratory failure may have pul-
monary edema not attributable to heart failure and

0,75 r

0.60 1

E X TRAVASCULAR
LUNG WATER

TLC

0.45 L

animal models of this syndrome have been studied
extensively. However, it is difficult to establish a cause
and effect relationship between edema and respiratory
failure in patients or animal models, because changes
in lung function not due to edema per se coexist with
the edema (23, 24). The patients we studied had mark-
edly increased lung water compared both with patients
with chronic heart disease studied earlier (12) and with
normal subjects reported in the literature (13). In our
patients, the amount of lung edema measured did not
relate to the severity of the oxygenation defect. This
finding suggests that, although edema was present in
these patients, it was not the principle cause of hy-
poxemia.
Some values of EVLW measured by indicator di-

lution are quite high. Although large values are to be
expected in severely ill patients, technical factors could
lead to high calculations of EVLW. If cardiac output
is high, then microcirculation is rapid and it is more
difficult to identify an appropriate region for the ex-
ponential extrapolation of downslope necessary in the
mean transit-time method. Further, since EVLW is
computed from the product of cardiac output and
mean transit times, small errors in mean transit-time
differences will be magnified at high cardiac output.

In addition to technical factors, another possible rea-
son for the lack of correlation between lung water and
A-aDO2 could be that our method measured different
fractions of actual lung water among patients. This
occurs under some conditions in experimental animals
(25). It is possible that inaccuracy of the method is the
sole explanation of this finding. However, we saw no
relationship between lung water and PSu (an index of
perfusion) and in sheep given sufficient Escherichia
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FIGURE 3 EVLW normalized to predicted TLC as a function of the difference between lung
microvascular pressure [Pla + 0.4 (Ppa - Pla)] and plasma oncotic pressure in patients with
acute respiratory failure and pulmonary edema. The broken line is the regression line for data
in patients with chronic compensated heart failure reported previously (12).
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FIGURE 4 EVLW normalized to predicted TLC as a function of A-aDO2 in patients with acute
respiratory failure and pulmonary edema. Although 5 of the 14 patients breathed FM(O < 1.00,
those values did not influence the relationship shown (see Table II).

coli endotoxin to produce respiratory failure and cause
pulmonary edema without heart failure (an animal
model that is pathophysiologically similar to the hu-
man syndrome), we saw no relationship between A-
aDO2 just before death and EVLW measured post-
mortem by the most accurate available methods (26).
Whether actual lung water content in the patients we
studied correlated with oxygenation is unknown.

Since pulmonary edema occurs in patients with

acute respiratory failure in the presence of low pul-
monary arterial wedge pressure, the edema is thought
to result from injury to lung exchanging vessels, so that
they leak excessive fluid and protein. This assumption
is supported by measurements of high protein con-
centrations in edema fluid from humans and by ex-
tensive studies in animal models. But we found low
permeability-surface area for a small hydrophilic sol-
ute in many of our patients.
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FIGURE 5 Lung vascular '4C-PS,. normalized to predicted TLC as a function of A-aDO2 in
patients with acute respiratory failure and pulmonary edema. Although five of the 15 patients
breathed Fin, < 1.00, those values did not influence the relationship shown (see Table II). The
normal value is from patients with chronic heart failure (12); see text for justification. The
correlation does not include the normal values.
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FIGURE 6 Serial measurements of lung vascular '4C-PSu area (PS) and A-aDO2 in two patients
with acute respiratory failure and pulmonary edema. The patient with lower A-aDO2 and PS
survived and the patient with higher A-aDO2 and PS died with respiratory failure. The broken
line is from the data in Fig. 5.

The most logical explanation for low PSu values in
many of our patients is decreased perfused vascular
surface area. Since hypoxic vasoconstriction (3) and
possibly other local forces (27) would be expected to
reduce perfusion to edematous (and therefore poorly
ventilated) areas of the lung, a decrease in perfused
vascular surface area would be expected unless edema
was completely uniform. We interpret the low PSu
values in many of our patients as a reduction of per-
fusion to areas of high permeability. Since labeled
water is more diffusible than urea, EVLW will not be
as sensitive to such changes. Thus, some edema may
be measured by labeled water, even though the dam-
aged capillaries, which generated it, are underper-
fused.

In some cases, there was no measurable extraction
of urea and permeability-surface area was zero. This
occurs in a multiple-indicator method when flow
through capillaries is so high that capillary residence
time is shorter than transcapillary escape time. Thus,
with high flow through fewer capillaries, extraction is
zero. This implies that pulmonary hemodynamics did
not permit measurement of capillary permeability-sur-
face area. This phenomenon has been demonstrated
experimentally by Snapper et al. (28), who showed that
urea extraction became zero as lung segments were
removed, even though water extraction was high.

This interpretation is supported by the relationship
between '4C-PSu and A-aDO2. This relationship shows
a tendency toward low PSu in patients with less severe

oxygenation defects and a very high PS, in patients
with severe deterioration of gas exchange. Serial stud-
ies in a patient during recovery indicate a return of
PSu toward normal. Further evidence that perfused
vascular surface area related to oxygenation in patients
with ARDS was provided by Snider et al. (29). When
they infused pulmonary vasodilator drugs (presumably
restoring perfusion to areas of low flow), they found
that the shunt fraction increased in direct proportion
to the degree of vasodilation.

It is possible that the pathogenesis of pulmonary
edema in patients with a low PSu was different than
in patients with high PSu; i.e., vascular permeability
may not be increased in the former group. Low pres-
sure edema could occur as a result of increased epi-
thelial permeability or possibly interstitial alterations.
We think this explanation of the data less satisfactory
than attributing the low PSu values to decreased sur-
face area, because it seems illogical to implicate de-
creased vascular permeability in the pathogenesis of
edema and because there is nothing in the clinical data
to suggest two different patient populations. However,
the apparent dichotomy in PSu values relative to sur-
vival may indicate basic and vital pathogenetic dif-
ferences between patients who lived and those who
died.
We interpret the relationship between PS,, and A-

aDO2 to mean that blood oxygenation in our patients
depended on the ability of the lung to regulate dis-
tribution of blood flow. When perfusion could be re-
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duced to injured (and edematous) areas of lung, oxy-
genation did not deteriorate severely. But, when in-
jured areas of the lung were perfused, either because
of loss of local regulatory mechanisms (for example,
hypoxic vasoconstriction) or because injury was too
extensive to permit reduction of perfusion of injured
areas, severe respiratory failure occurred. That the
severity of oxygenation defect did not correlate with
the amount of edema but did correlate with PSu sug-
gests that loss of regulatory mechanisms may have
been an important factor. This interpretation is sup-
ported by animal studies which show loss of pulmonary
vasoconstriction with alveolar hypoxia following en-
dotoxemia (30) and with pulmonary oxygen toxi-
city (31).2

Alternatively, PSu could have been low in some pa-
tients as a result of such rapid flow that urea had in-
sufficient time to cross the walls of microvessels. Since
PSu did not correlate with cardiac output, which was
high in patients with high PSu values, we think that
true reduction in exchanging vessel surface area is the
best explanation for the low values of PSu in some
patients.

All of our patients with high lung vascular PSu died
of respiratory failure. This could be because the pa-
tients with high PSu simply had more severe disease
(higher A-aDO2). Although that was generally true,
the difference between A-aDO2 in several patients who
lived and the patients who died was quite small. In
addition, patients who died did not have more lung
water by our measurement than surviving patients.
This may suggest that factors other than extent of in-
jury and edema affect survival. The fact that PSu was
clearly different in those who died than in those who
lived suggests that the ability to decrease perfusion to
injured areas of the lung circulation may have been
a principle determinant of survival. If these findings
are confirmed by further studies, the multiple indi-
cator technique may be useful in the early diagnosis
of lung vascular injury where PSu would be low. The
PSu measurement may also predict survival.
The lack of correlation between lung water and vas-

cular pressures in these studies does not imply that
pressures do not affect the degree of edema. If the
magnitude of increased vascular permeability and per-
fused surface area were constant, a steep relationship
between lung water and pressure would be expected
(32). That we did not see such a relationship is prob-
ably because the degree of increased permeability and
perfused surface area varied among our patients.

Multiple indicator dilution methods have been used

2 Newman, J. H., J. E. Loyd, and K. L. Brigham. Manu-
script submitted for publication.

to measure EVLW in humans for the past 20 yr (33).
Recently, these methods, using a thermal signal to
measure extravascular volume, have been used more
widely in intensive care units (34). Although the same
techniques have been used to measure permeability-
surface area for small hydrophilic molecules in several
organs in experimental animals (35, 36) and the theory
of such measurements has been studied extensively,
measurements of lung vascular PSu in humans with
acute respiratory failure and pulmonary edema have
not been reported previously.
Advantages of the multiple indicator method are

that measurements of cardiac output, EVLW, and PS,,
can be made in 5 min without moving the patient and
in most patients in intensive care units no additional
catheters are required (central venous and arterial
catheters are usually placed for monitoring pressures).
Disadvantages are that, at least at present, the mea-
surement requires use of radioisotopes and processing
of samples requires several hours.
One limitation of the indicator method is that it does

not measure vascular permeability and surface area
separately. However, no method applicable to intact
organs, even in experimental animals, can separate
permeability from surface area, and permeability-sur-
face area may be more relevant clinically than either
variable alone. The data in this paper would support
that argument. In experimental animals, we have in-
vestigated a large number of substances as possible
permeability indicators in the lung (37). Based on that
experimental work and on extensive theoretical work
(19), ['4C]urea has emerged as the most appropriate
indicator to date. The fact that in our previous studies
in humans (12) and in this study, '4C-PSu did not cor-
relate with cardiac output or hematocrit further sup-
ports the conclusion that urea is a diffusion-limited
indicator and that its behavior in the lungs is unaf-
fected by erythrocyte transport. Further, extensive
theoretical and experimental studies have demon-
strated that erythrocyte exchange does not invalidate
permeability-surface area measurements made with
our techniques (38-42).
Summary and conclusions. We have used a mul-

tiple indicator technique to measure cardiac output,
EVLW, and lung vascular 14C-PSu in patients with
acute respiratory failure and pulmonary edema. We
found that lung water measured by the indicator meth-
ods we used did not correlate with the severity of the
oxygenation defect but that "4C-PSu did. Patients dying
with respiratory failure had high PSu values, whereas
patients surviving did not. Many patients with modest
degrees of oxygenation defect had lower than nor-
mal PSu.
We conclude that although all of our patients had

pulmonary edema, indicator dilution measurements
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of lung water did not predict either the severity of
hypoxemia or outcome. That patients dying with re-
spiratory failure had high PSu values and that the val-
ues were low in surviving patients suggest that the
ability of the lung to divert blood flow away from
injured and edematous areas was a major factor in
preserving oxygenation. Loss of that function was a
particularly bad prognostic sign. Multiple indicator
measurements of lung vascular PS,, in humans may be
useful clinically in diagnosis of lung, vascular injury,
in evaluating therapies and in predicting outcome.
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