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Diagnostic Value of the Gallium-67 Pulmonary
Leak Index in Pulmonary Edema

Pieter G.H.M. Raijmakers, A.B. Johan Groeneveld, G.J. Jaap Teule and Lambertus G. Thijs
Medical Intensive Care Unit, Departments of Nuclear Medicine, and Internal Medicine, Free University Hospital, Amsterdam,

The Netherlands

We studied the value of a noninvasive, bedside, dual-radionuclide
method (¢”Ga-circulating transferrin and **™Tc-red blood cells) to
measure pulmonary microvascular permeability in efforts to dis-
criminate between pulmonary edema due to adult respiratory dis-
tress syndrome (ARDS) and hydrostatic pulmonary edema (HPE).
Methods: Patients had respiratory insufficiency and bilateral alveo-
lar pulmonary edema on chest radiographs. All patients, except one,
were mechanically ventilated. Patients were divided into groups
according to various sets of etiologic, hemodynamic and ventilatory
factors. Group 1 (n = 8) had risk factors for HPE only. Group 2 (n =
5) had risk factors for both ARDS and HPE, such as a pulmonary
capillary wedge pressure (PCWP) above 18 torr. Group 3 (n = 13)
had risk factors for ARDS only and a PCWP below 18 torr. Patients
were also classified on the basis of a lung injury score, using
radiographic and ventilatory variables. Group 4 (n = 12) had a score
below 2.5 and Group 5 (n = 14) above 2.5, arbitrarily defined as
ARDS. Any radioactivity measurements over the lungs and in blood
within 72 hr after admission were used to calculate the 1 hr
pulmonary leak index as a measure of microvascular permeability
(upper limit of normal 14.1 x 1073-min~"). Results: The PLI
(X102 - min~") was median 10.2 (range 4.4-16.2) in Group 1, 26.8
(14.2-31.9) in Group 2 and 32.3 (23.0-52.4) in Group 3 (p < 0.001).
It was 13.3 (4.4-39.9) in Group 4 and 31.1 (14.2-52.4) in Group 5
(p < 0.01). Using the various definitions, the sensitivity of a supranor-
mal puimonary leak index for ARDS was 100% and the specificity
varied between 46% and 75%. In receiver operating characteristic
curves, the pulmonary leak index performed best when ARDS and
HPE were defined on the basis of risk factors only, and performed
better than hemodynamic and equally well as ventilatory variables in
discriminating between edema types, if definitions of the latter were
mainly based on ic and ventilatory variables, respec-
tively. Conclusion: The ¢’ Ga pulmonary leak index is a useful tool to
differentiate ARDS from HPE.

Key Words: adult respiratory distress syndrome; hydrostatic pul-
monary edema; protein leak; gallium-67; puimonary leak index
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Pulmonary edema of adult respiratory distress syndrome
(ARDS) supposedly results from increased permeability of the
pulmonary microvasculature. ARDS is sometimes hard to
differentiate from hydrostatic pulmonary edema (HPE), which
is presumably caused by a high microvascular hydrostatic
pressure. The diagnosis of pulmonary edema is based on the
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chest radiograph, even though the acute appearance of bilateral,
fluffy alveolar consolidations may be caused by other factors
than edema (/-3). Although the radiographic abnormalities
may correlate somewhat with extravascular lung water and may
have specific features for either type of edema, the assessment
of extravascular lung water is nonspecific and the radiologic
differentiation among edema types is hard, necessitating ad-
junct diagnostic criteria (/-9). Various combinations of etio-
logic, hemodynamic and ventilatory factors are used to help
differentiating ARDS from HPE, in the absence of a standard
(1-4,6-20). For instance, a pulmonary capillary wedge pres-
sure (PCWP) below 15-18 torr is commonly used as a criterion
for ARDS (6-11,13-16,18-20).

The diagnosis can also be based on the presumed difference
in pathophysiology: increased protein permeability for ARDS
and normal permeability for HPE. The assessment of protein
contents in bronchoalveolar lavage fluids, however, may be
impractical and may lack sufficient sensitivity and specificity to
be clinically useful in diagnosing permeability edema associ-
ated with ARDS (/,7). Other methods developed to detect
increased microvascular permeability noninvasively utilize in-
travenously injected radiolabeled proteins and radioactivity
measurements over the lung and in blood over time, yielding the
pulmonary leak index or analogous indices as measures of the
pulmonary transvascular protein transport (2,3,5,9-18,21-25).
The leak index, using ''*™In-transferrin or *™Tc-albumin may
be elevated during ARDS and not during HPE but the diagnos-
tic value is still unclear, since some patients with ARDS may
have a normal pulmonary leak index, while some patients with
HPE and a PCWP above 30 torr may have an elevated
pulmonary leak index, possibly as a consequence of increased
protein transport, i.e., solvent drag, induced by high microvas-
cular fluid filtration pressures (2,9-12,14,15,18,24). Many of
these methods may have methodologic drawbacks and limited
clinical applicability at the bedside (2,9-16,18,21-23). For
instance, measuring the kinetics of the intravenously injected
positron emitter *®Ga, binding to circulating transferrin, may be
able to discriminate increased permeability from hydrostatic
edema of the lungs, but PET is not widely available, cannot be
applied at the bedside and the method, like others, does not
incorporate an intravascular tracer to correct for potential
changes in pulmonary blood volume (5,9-13,16). We therefore
use a dual radionuclide method and a sensitive, mobile probe
system to allow for bedside measurements of the kinetics of the
commonly available permeable tracer, $’Ga, supposed to bind
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TABLE 1

Patient Characteristics

Group 1 Group 2 Group 3

(n=28) n=25) (n=13)
Age (yr) 68 (50-79)" 53 (32-65) 46 (21-78)
Sex 8 men 3 men/2 women 7 men/6 women
Underlying disease®
Pulmonary sepsis 3 2
Extrapulmonary sepsis 2 6
Near-drowning 4
Hemomhagic shock/resuscitation 1 1
Postcardiopulmonary resuscitation 2 4
Remote myocardial infarction 6
Recent myocardial infarction 5 1
History of coronary revascularization 2
Hypertension 1
ICU mortality, number (%) 3(37%) 2 (40%) 5 (38%)

*Patients may have more than one underlying disease. 'p < 0.05, Kruskal-Wallis analysis of variance.

Median and range or number of patients, where appropriate.

to transferrin, and an intravascular tracer, **Tc-labeled red
blood cells (17,25). Although transvascular protein transport in
the lung has been suggested to indicate permeability (2,3,5,9-
18,21-25), independently of microvascular pressures and ex-
change surface area, it is unclear whether this also applies for
gallium, since binding to circulating transferrin may be less avid
than for indium (26). Hence, the %’Ga transferrin pulmonary
leak index might be more sensitive but less specific for
permeability edema than the ''>*™In pulmonary leak index (PLI).

To study the value of the ’Ga PLI in assessing pulmonary
microvascular permeability and thereby in differentiating be-
tween ARDS and HPE, arbitrarily defined according to various
sets of clinical criteria, the pulmonary leak index was measured,
concomitantly with hemodynamic and ventilatory variables, in
patients with radiographic pulmonary edema and respiratory
insufficiency.

MATERIALS AND METHODS
Patients

The study was approved by the local ethical committee and
informed consent was obtained from the closest relative in each
patient. Consecutive patients were studied within 72 hr of admis-
sion to the medical intensive care unit, because of respiratory
insufficiency with four quadrant alveolar edema on chest radio-
graphs. All patients, except for one Group 1 patient, were intubated
and mechanically ventilated with an O,/air mixture. A catheter was
inserted into the radial or femoral artery for monitoring mean
arterial blood pressure and for blood sampling. A balloon-tipped
pulmonary artery catheter was inserted, except for three Group 1
patients. These latter had a catheter in the jugular or subclavian
vein to monitor central venous pressure. Patients were divided into
groups, according to known risk factors for HPE, ARDS or both,
and the PCWP (Table 1). Group 1 patients (n = 8) were considered
to have risk factors for HPE only. They had acute left heart failure
as defined by (4,6,7,9,11,16): evidence for coronary artery disease
and impaired left ventricular function, such as a history of angina,
or a remote or recent myocardial infarction diagnosed by electro-
cardiography and typical enzyme elevations, and poor left ventric-
ular function on echocardiography or an elevated PCWP above 18
torr, in the absence of risk factors for ARDS. Recognized ARDS
risk factors (6-11,13,14,16,18-20) were present in 18 patients and
included sepsis, near-drowning, hemorrhagic shock and resuscita-
tion, while 13 patients had a PCWP <18 torr (Group 3), and §
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patients (Group 2) had sepsis and a PCWP >18 torr. Thus Group
2 had risk factors for HPE and ARDS. Patients were also classified
according to the lung injury score, ranging between 0 and 4 (8).
Group 4 (n = 12) and Group 5 (n = 14) had a score below and
above 2.5, respectively, the latter arbitrarily defined as ARDS. The
scoring system incorporates radiographic alveolar edema and
ventilatory variables such as the ratio of the arterial PO, to
inspiratory O, fraction (P,0,/F,0,), the level of positive end-
expiratory pressure (PEEP, cm H,0) and the static compliance of
the respiratory system. Of 12 Group 4 patients, 8 were from Group
1, 1 from Group 2 and 3 from Group 3. Of the 14 Group 5 patients,
10 were from Group 3 and 4 from Group 2.

To evaluate relative neutrophil and plasma protein binding of
’Ga in vitro, blood was obtained in seven critically ill patients.
Tracer doses of ®’Ga were added to standard aliquots, placed in a
water bath at 37°C. After 30 min of incubation, 0.5 ml samples
were obtained and centrifuged. Median 2.1 (range 1.0-3.9%) of
total ©’Ga radioactivity was in the cell compartment, while 99.1
(95.6-99.9%) of plasma radioactivity was precipitable with etha-
nol 100%, suggesting extensive protein binding. After adding ®’Ga
and 30 min incubation at 37°C, whole blood was separated into cell
compartments and plasma with use of percoll and centrifuged (n =
3). Of total *’Ga radioactivity, 93.0 (82.9%-95.5%) was in plasma,
3.0 (2.5%-3.7%) in the lymphocyte, 0.9 (0.3%-2.3%) in the
neutrophil and 2.1 (1.1%-2.5%) in the red cell compartment,
indicating no preferential neutrophil binding of *’Ga.

Study Protocol

Autologous red blood cells were labeled with *™Tc (300 u.Ci/11
MBgq, physical half-life 6 hr), using a modified in vitro method
(17). Ten minutes after injection, transferrin was labeled in vivo
following intravenous %’Ga-citrate (100 wCi/4 MBq, physical
half-life 78 hr). Patients were in the supine position and two
probes, each consisting of a sodium-iodine crystal (1.5 - 1.5 in.)
fitted with a 2.025 cm thick lead collimator (inner diameter 4.45
cm), extending 7.5 cm in front of the crystal, were positioned over
the right and left lung apices. Each probe was connected with a
separate Accuspec/Nal Plus Board in a PC. Starting at the time of
injection of %’Ga, radioactivity was detected for 53 sec per min,
during one hour. The entire spectrum of photon energies was stored
on floppy disk. During processing, three peaks were used: the 140
keV peak of 99™T¢ and the 184 and 300 keV peaks of $7Ga, with
windows of 20% centered around each peak. *’Ga count rates were
corrected for background radioactivity, spillover of 4’Ga into the
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FIGURE 1. Representative examples of the pulmonary leak index, derived
from the radioactivity ratio of ’Ga and ®*™Tc in lung versus blood as a
function of time. The upper dashed lines are values for each lung in a Group
3 patient (mean pulmonary leak index 37.4 X 10~2-min~", r = 0.99) and the
lower two interrupted lines are values for each lung in a Group 1 patient
(mean pulmonary leak index 11.0 X 1073-min~", r = 0.98).

9°mTc window and physical half-life, and expressed as counts per
minute per lung field. The spillover fraction was repeatedly
determined in vitro, and varied from 0.19 to 0.40 during the study.
At 5, 8, 11, 15, 20, 25, 30, 40, 50 and 60 min after intravenous
"Ga, arterial blood samples (=2 ml) were drawn and weighed.
Radioactivity was measured by a well-counter. Four peaks were
used: 140 keV (**™Tc) and 93, 184 and 300 keV (°’Ga), with
windows of 20% around each peak. After correction for back-
ground, spillover of radioactivity and physical half-life, results
were expressed as cpm-g~'. For each blood sample, a time-
matched cpm over each lung was taken. A radioactivity ratio was
calculated (*’Gayyng/” ™ TC1ung) (*’Gapiood’” " TChiooa)» and plotted
against time (Fig. 1). The PLI was calculated by linear regression,
from the slope of increase of the radioactivity ratio divided by the
intercept, representing physical factors in radioactivity detection
(2,14,17,18,21-24). By taking pulmonary blood volume and thus
presumably exchange surface area into account, the radioactivity
ratio represents the ratio of extra- to intravascular ®’Ga radioactiv-
ity. The PLI then represents the transport rate of °’Ga from the
intra- to the extravascular space of the lungs. Twelve patients
scheduled for aortic surgery served as controls (25): the ®’Ga PLI
was 10.1 (6.6—13.0) and the upper limit of normal (mean + 2X
s.d.) 14.1 X 1073 - min~". The pulmonary leak index’s and linear
correlation coefficients (r), calculated to evaluate the goodness of
fit of the regression lines, were averaged for both lungs. The
between-lung deviation from the mean pulmonary leak index (%)
and its coefficient of variation (%) were calculated, as a measure of
reproducibility of the technique. The latter is 14% for control lungs
(25). The ™ Tc radioactivity at t = 60 min was calculated in lungs

and blood and expressed as percentage of baseline. Mean values for
lungs were divided by radioactivity changes in blood to evaluate
the pulmonary blood volume changes during data acquisition.
Hemodynamic and ventilatory variables and blood samples were
obtained at the time of the pulmonary leak index. Concentrations of
total protein (biuret method) and albumin (bromocresol method)
were measured. The plasma protein colloid osmotic pressure (P..q)
was calculated using a nomogram from total protein and albumin
concentrations (27). The mean pulmonary arterial pressure
(MPAP) and PCWP (torr) were measured at end-expiration with
patients in the supine position, and measured again after calibration
and zeroing to atmospheric pressure at the mid-chest level. The
pulmonary microvascular hydrostatic pressure (P, ) was calcu-
lated from P, = ((MPAP — PCWP) X 0.4) + PCWP (4). The
difference between P, and P_, is the estimated net microvascular
pressure, governing fluid filtration at a given permeability (4). The
cardiac index (CI, 1 - min~' - m~?) was measured using the ther-
modilution technique and a computer taking the average of three
injections of 10 ml of 5% dextrose at room temperature at random
during the respiratory cycle, because the CI is usually low in the
presence of risk factors for HPE and high in case of ARDS, and is
a major determinant of the exchange surface area in the lungs.
Arterial blood was taken in heparinized syringes for measurement
of PO,. The F,0,, PEEP (cm H,0), tidal volume and plateau
inspiratory pressure were taken from the ventilator. The static
respiratory compliance was calculated from tidal volume/(plateau
pressure-PEEP), ml - cm H,0 ™' (8). In one spontaneously breath-
ing Group 1 patient receiving 3 liter of 100% O, per face mask, the
F,0, was estimated as 0.4. Patients were followed until death or
discharge from the intensive care unit to record the mortality rate.

Statistical Analysis

We studied correlations to judge the influence of hemodynamic
factors on the pulmonary leak index. In the absence of a standard
for ARDS, we used several sets of clinical criteria to divide patients
into two groups of edema types, to evaluate the diagnostic
performance of an elevated pulmonary leak index for ARDS. For
definition 1, based on etiologic factors only, Group 1 patients were
considered to have HPE, and Group 2 + 3 patients to have ARDS.
For definition 2, based on etiology and hemodynamics, Group 1 +
2 patients were considered to have HPE and Group 3 to have
ARDS. For definition 3, based on the lung injury score, Group 5
patients were considered to have ARDS. To test for differences, the
Kruskal-Wallis analysis of variance and the Wilcoxon ranksum test
were used. For each definition, the diagnostic value of the
pulmonary leak index for ARDS was calculated in terms of
sensitivity (fraction of ARDS patients with elevated pulmonary
leak index), specificity (fraction of HPE patients with normal
pulmonary leak index), likelihood ratio (sensitivity/[ 1-specificity]),
accuracy, positive predictive value (fraction of patients with ARDS
among patients with elevated pulmonary leak index) and negative
predictive value (fraction of patients without ARDS among pa-
tients with normal pulmonary leak index), assuming a pulmonary
leak index >14.1 X 1073 -min~"' to be elevated. We also con-
structed receiver operating characteristic curves by plotting sensi-
tivity versus 1-specificity (28), using a statistical program yielding
the significance of the area under the curve. The closer the latter to
1, the greater the discriminating power of the test (28). Using
definitions 2 and 3, areas under the curve were also calculated for
hemodynamic and ventilatory variables, respectively, and com-
pared to that of the pulmonary leak index. Data were expressed as
median and range and a p < 0.05 was considered statistically
significant.
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FIGURE 2. Pulmonary leak index in patients without pulmonary edema
(control) and patients with pulmonary edema. Group 1: patient with a risk
factor for pulmonary edema (HPE) only. Group 2: patients with
both adult respiratory distress syndrome (ARDS) and HPE risk factors and a

pulmonary capillary wedge pressure (PCWP) >18 torr. Group 3: patients with
an ARDS risk factor and a PCWP <18 torr. Group 4: patients with a lung
injury score less than 2.5 and Group 5 greater than 2.5.

RESULTS

Patients are grouped according to the etiology of pulmonary
edema and the PCWP (Table 1). The patients with a HPE risk
factor (Group 1) were somewhat older than those with ARDS,
with or without HPE risk factors (Groups 2 and 3, respectively).
The mortality rate was independent of etiology.

Pulmonary Leak Index

Figure 1 shows representative examples of PLI calculations.
As shown in Figure 2, the pulmonary leak index differed among
Groups 1 to 3 (p < 0.001) and between Groups 4 and 5 (p <
0.01). It averaged 10.2 (4.4-16.2) X 107> - min~" in Group 1

D
Q“o
00

(ns versus control) and 31.5 (14.2-52.4) in Group 2 + 3 (p <
0.005 versus Group 1), above the upper limit of normal in 2 of
8 Group 1 and in 18 of 18 patients in the latter groups. The
pulmonary leak index averaged 14.2 (4.4-31.95) in Groups 1 +
2 and 32.2 (23.0-52.4) in Group 3 (p < 0.005), above the upper
limit of normal in 7 of 13 of the former and 13 of 13 of the latter
patients. No overlaps between Groups 1 and 3 were evident.
The pulmonary leak index averaged 13.3 (4.4-39.9) in Group 4
and 31.1 (14.2-52.4) in Group 5 (p < 0.01), above the upper
limit in 5 of 12 Group 4 and 14 of 14 of Group 5 patients. There
was no difference in pulmonary leak index between surviving
and nonsurviving patients.

The r for the pulmonary leak index was 0.99 (0.95-0.99, n =
26, p < 0.001 for each, ns between groups). The difference in
pulmonary leak index between the lungs was 8% (3-28) for
Group 1 (coefficient of variation 7.7%), 17% (7-37) for Group
2 (coefficient of variation 13.5%) and 9% (0-32) for Group 3
(coefficient of variation 7.8%) and groups did not differ, so that
the reproducibility of the technique was independent of etiology
of pulmonary edema. At t = 60 min, 94.6 (86.9%—-99.9%) of
baseline *°™Tc radioactivity had remained in blood (n = 26, ns
between groups). The lung/blood **™Tc¢ radioactivity change at
t = 60 min versus baseline was 99.5 (84.9%—-110.7%) (n = 26,
ns from 100%, ns between groups).

Hemodynamic and Ventilatory Variables

Table 2 shows that, allowing for differences among groups in
the PCWP, the P,,, was lower in Group 3 than in Groups 1 and
2. This difference, however, was offset by a lower P, in Group
3, so that the microvascular filtration pressure was similar
among groups. There was no relation of the pulmonary leak
index to the microvascular filtration pressure or CI within
groups and in pooled data. Of note, 3 of 8 Group 1 patients had
a PCWP below 18 torr. Following classification according to
the lung injury score (Table 3), the ventilatory abnormalities of
Group 5 were more severe than of Group 4.

Sensitivity and Specificity of the Puimonary Leak Iindex for
Clinically Defined ARDS

Using definition 1 to discriminate among edema types
(Group 1 versus 2 + 3), based on risk factors only, a
supranormal pulmonary leak index had 100% sensitivity and
75% specificity for ARDS, with a likelihood ratio of 4.0; a
positive predictive value of 90%; and a negative predictive
value of 100%. A total of 92% of the patients were correctly
diagnosed. Figure 3A shows the receiver operating character-
istic curve for ARDS according to definition 1: the area under
the curve of the pulmonary leak index was 0.98 (p < 0.005).
Using definition 2 for edema types, based on etiology and
PCWP and Group 1 + 2 versus Group 3, an elevated pulmonary
leak index had 100% sensitivity and 46% specificity

TABLE 2
Hemodynamic Variables of Patients with Puimonary Edema, Grouped According to Etiology and PCWP

Group 1 Group 2 Group 3 KW

(h=28) (h=29) (h=13) p
Pulmonary capillary wedge pressure (torm) 16 (12-34) 20 (19-20) 13(6-17) 0.005
Mean pulmonary artery pressure (torr) 27 (25-55) 29 (25-36) 27 (14-33) ns
Microvascular hydrostatic pressure (tom) 21.4(18.0-42.4) 23.0 (21.4-26.8) 17.8(11.6-22.2) 0.01
Plasma colloid osmotic pressure (torm) 18.4 (14.8-24.2) 13.7 (11.7-22.4) 12.6 (10.5-18.4) 0.005
Hydrostatic-colloid osmotic pressure difference (torm) 2.2(1.7-26.1) 11.3(0.4-12.3) 45(-1.4-10.8) ns
Cardiac index (- min~'-m™2) 2.7(1.7-33 4.5 (3.7-8.4) 45 (2.9-6.5) 0.005

KW = Kruskal-Wallis analysis of variance.
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TABLE 3
Ventilatory Variables of Patients with Pulmonary Edema, Grouped According to the Lung Injury Score

Group 4 Group 5

n=12 n=149) p
Inspiratory O, fraction 0.43 (0.34-0.79) 0.71 (0.40-1.0) 0.005
Arterial PO, (torm) 78 (57-117) 77 (50-130) ns
Arterial PO,/inspiratory O, fraction 174 (103-260) 114 (50-233) 0.01
Positive end-expiratory pressure (cm H,0) 5(0-8) 11.5 (5-20) 0.001
Tidal volume (ml) 660 (540-880) 615 (420-810) ns
Static respiratory compliance (ml - cm H,0™") 49.1 (25.2-67.7) 29.3 (18.1-35.2) 0.01
Lung injury score 2.25(1.75-2.5) 3.25 (2.75-3.75) -

for ARDS, with a likelihood ratio of 1.9; a positive predictive
value of 65%; and a negative predictive value of 100%, so that
73% of patients were diagnosed correctly. In the receiver
operating characteristic curve of Figure 3B for ARDS according
to definition 2, the area under the curve was 0.93 for pulmonary
leak index (p < 0.005), 0.89 for the PCWP (p < 0.005), 0.84
for the P_ 4 (p < 0.005) and 0.68 for the CI (ns, p < 0.01 versus
area under the curve for pulmonary leak index), demonstrating
greater power of the pulmonary leak index than of hemody-
namic variables in diagnosing ARDS. After classification of
edema types according to definition 3 (Group 5 versus 4), an
elevated pulmonary leak index had 100% sensitivity and 50%
specificity for ARDS, with a likelihood ratio of 2.0, a positive
predictive value of 70%, a negative predictive value of 100%,
so that 77% of patients were diagnosed correctly. In the receiver
operating characteristic curve for ARDS defined according to
the lung injury score (Fig. 3C), the area under the curve for the
pulmonary leak index was 0.81, for the PEEP 0.94, for the
P,O,/F,0, 0.81 and for the compliance 0.81 (all p < 0.005,
without significant differences). This demonstrates equal power
for the PLI as for ventilatory variables in discriminating ARDS
from HPE.

DISCUSSION

Our data suggest that a supranormal *’Ga pulmonary leak
index is a relatively sensitive and specific marker for increased
permeability pulmonary edema associated with ARDS. The
pulmonary leak index does not depend on microvascular filtra-
tion pressure and exchange surface area in the lungs. The
dependence of the pulmonary leak index on permeability may
form the basis of its discriminative power between ARDS and
HPE, presumably associated with increased and normal perme-
ability, respectively.

Various sets of clinical, hemodynamic and ventilatory vari-
ables have been used to define ARDS, but their diagnostic value
is uncertain, partly because of lack of a gold standard (/-4,6—
16,18-20). Therefore, we used several clinical definitions of
edema types to evaluate the diagnostic performance of the
pulmonary leak index. Using definition 1, based on etiologic
risk factors only, the specificity for ARDS and the area under
the ROC curve of the pulmonary leak index (Fig. 3A) were
higher than when other definitions were used. We cannot judge,
however, if the assessment of risk factors only represents the
“best” clinical gold standard for judging the type of edema. A
PCWP below 15-to-18 torr has been often used to help
discriminating ARDS from HPE (6-10,13-16,18-20). Inva-
sive catheterization, however, is needed to obtain the PCWP,
and a normal PCWP does not exclude HPE if the PCWP is
elevated only transiently following initial treatment (6), as may
have occurred prior to pulmonary leak index measurements in
three of our Group 1 patients. Conversely, a high PCWP does
not exclude permeability edema aggravated by pressure factors
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(4,6). The PCWP may thus be a poor measure to discriminate
among edema types. This may explain the relatively poor
diagnostic value of the PCWP and other hemodynamic factors
governing pulmonary microvascular fluid filtration, for either
type of edema, as compared to the pulmonary leak index (Fig.
3B).

For the ventilatory criteria, an arterial PO, to inspiratory O,
fraction ratio below 250-to-150 has been used to help discrim-
inating ARDS from HPE, even though the severity of hypox-
emia may depend on treatment, including mechanical ventila-
tion with PEEP, rather than on the etiology of pulmonary edema
(7,8,12-14,16,18-20). Similarly, a high lung injury score
indicating severe radiographic and ventilatory abnormalities,
has also been suggested to help in diagnosing ARDS (8). The
area under the curve for the pulmonary leak index was signif-
icant, if patients were divided into ARDS and HPE groups on
the basis of the lung injury score, i.e., the severity of ventilatory
abnormalities (Fig. 3C). The fact that the pulmonary leak index
area under the curve was somewhat lower than that of PEEP
and similar to that for other ventilatory variables, indicates that
the pulmonary leak index is not superior to ventilatory variables
in diagnosing ARDS. This can be explained by the fact that the
lung injury score incorporates all of these ventilatory variables.
The data nevertheless illustrate that the pulmonary leak index
has diagnostic value if severe ventilatory abnormalities are used
to define ARDS.

Taken together, increased permeability may be pivotal in the
pathogenesis of clinical ARDS and its ventilatory sequelae.
Irrespective of the clinical definition of edema types, the
pulmonary leak index may be a useful tool to differentiate
ARDS from HPE, since a normal pulmonary leak index
excludes ARDS and an elevated pulmonary leak index has a
positive predictive value for ARDS of about 80%. These figures
may also be higher than those reported in the literature for the
clinical evaluation plus the PCWP (6) and for the chest
radiograph (/,2), using various gold standards. Conversely, an
elevated pulmonary leak index itself may serve as a tgold
standard for ARDS. If this is true, the clinical utility of the ®’Ga
pulmonary leak index can also illustrated as follows. Instead of
the upper limit of pulmonary leak index values in normals, the
upper limit in Group 1 patients with risk factors for HPE only,
i, 16.2 X 107>+ min~', could be used to define an elevated
pulmonary leak index, since there is no overlap between
patients with risk factors for HPE (Group 1) and ARDS (Group
3) only. The pulmonary leak index of Group 2 patients fell into
the range of Group 1 patients in 2, with a pulmonary leak index
of 14.2 and 15.6 X 1073 - min~', respectively, and in the range
of Group 3 in 3 patients, with a pulmonary leak index varying
from 26.8 to 31.9 X 1073 - min~', so that the former may have
had HPE and the latter ARDS, irrespective of an elevated
PCWP in these patients. The ®’Ga pulmonary leak index may
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FIGURE 3. Receiver operating characteristic curve of the pulmonary leak
index for pull edema patients divided into those with ARDS (Group
2 + 3) and HPE (Group 1) risk factors (A). Receiver operating characteristic
curve of the pulmonary leak index, the pulmonary capillary wedge pressure
(PCWP), cardiac index (Cl), and plasma colloid osmotic pressure (P..y), for
pulmonary edema patients divided into those with ARDS (Group 3) and HPE
risk factors (Group 1 + 2) (B). Receiver operating characteristic curve of the
pulmonary leak index, of the arterial PO./inspiratory O, fraction (P,0,/FO,),
the positive end-expiratory pressure (PEEP) and the static respiratory com-
pliance, for puimonary edema patients divided into those with a lung injury
score above 2.5 (Group 5, ARDS) and below 2.5 (Group 4) (C).

help the clinician to evaluate the predominant mechanism of
pulmonary edema in unclear cases, particularly if the PCWP
does not match with the edema type suspected from risk factors.
This, in turn, might contribute to improved patient management
and, perhaps, outcome, since the treatment and prognosis of the
edema types differ considerably.

DiaGNosTIC VALUE OF THE GALLIUM-67 PuLMONARY LEAK INDEX « Raijmakers et al.

Previous experimental studies have shown that radionuclide
labeled protein transport across the pulmonary microvascula-
ture, as estimated by the pulmonary leak index or analogous
indices, is a sensitive and specific tool for judging the perme-
ability defect associated with endotoxin, oleic acid or thiourea,
compounds that directly injure pulmonary vessels, because the
PLI may be independent of pressure factors and may increase
even before a fall in PO, and rise in extravascular lung water
during microvascular injury (5,/0,2/1-24). The latter may be
explained by the pulmonary safety factors, such as increased
lymph flow, preventing development of alveolar edema during
increased microvascular permeability. Nevertheless, the PLI,
either assessed using ''>™In transferrin or *™Tc-albumin may
be normal during clinical ARDS thereby challenging the diag-
nostic value of the method in patients (2,9,10,12,14,18). Partly
because of differences in methods, absolute values for the
pulmonary leak index or similar indices are hard to compare
among studies. The ¢’Ga pulmonary leak index may be similar
to the ®®Ga pulmonary transcapillary escape rate, measured by
positron emission tomography, but may be several fold higher
than the '"*™In transferrin PLI (2,5,13,14,16,18). This differ-
ence may relate to less firm binding of ®’Ga than of In to
circulating transferrin, so that part of the 4’Ga transport may be
accomplished by transport of small molecular unbound radio-
nuclide, in spite of the apparently high in vitro protein binding.
The transport, however, would be pressure dependent, so that
the normal PLI during HPE could argue against a major
contribution by unbound ®’Ga to the pulmonary leak index.
Indeed, a mathematical model developed by others, suggests
that partly unbound radionuclide may underestimate rather than
overestimate the pulmonary leak index, because of rapid equil-
ibration of the unbound fraction between intra- and extravas-
cular spaces, shortly after intravenous injection (24). Therefore,
the difference among radionuclides, both supposed to bind to
transferrin, remains unexplained, unless our previous in vitro
observation, that the transmembrane transport of °’Ga in plasma
directly relates to the interstitial transferrin concentration by
“pulling” intravascular ®’Ga from transferrin across the mem-
brane, irrespective of apparent high in vitro protein binding
(26), is also true in vivo.

The mechanism may contribute to the sensitivity and speci-
ficity of the ®’Ga pulmonary leak index for ARDS, since
transport of unbound ¢’Ga would be elevated in the presence of
an elevated interstitial transferrin concentration induced by
increased microvascular permeability, while washout of inter-
stitial transferrin during pressure induced edema would amelio-
rate transport of unbound radionuclide (26). Although the
literature suggests that the “™Tc-albumin leak index may be
elevated at very high microvascular pressures during HPE by
virtue of solvent drag (/0), the median pulmonary leak index in
our HPE patients was neither lower nor higher than control
values. This might be explained if increased solvent drag had
been offset by a diminished ®’Ga transport associated with
washout of transferrin from the pulmonary interstitium during
HPE. Conversely, the latter mechanism may explain why the
7Ga pulmonary leak index may be more sensitive and specific
than the '"*™In pulmonary leak index for clinically defined
ARDS, in spite of lower affinity of transferrin for the former
(2,26), and that the method may detect increased permeability
in the lungs of patients at risk for ARDS (/7), while the ''*™In
pulmonary leak index may not (/4). Nevertheless, we cannot
exclude that the two supranormal PLI values of 15.2 and 16.2 X
1073 - min~' during HPE were caused by solvent drag and
thereby attenuated the specificity of an elevated PLI for ARDS.

Our method may have advantages above other techniques
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(9-13,16). The radionuclides used are widely available, in
contrast to In isotopes and *Ga used by others for permeability
measurements (2,/3-16,18,21,22). The method may, however,
share the disadvantage with that based on **™Tc-albumin, as far
as relatively poor protein binding is concerned (9-12,24). The
use of mobile and sensitive probes allows for repeated bedside
measurements with minimal radioactivity doses. The difference
between lungs in the PLI can be taken as a measure of
reproducibility of the ®’Ga pulmonary leak index and the
measurement error, i.e., coefficient of variation, is acceptable,
at about 10%. Otherwise, the finding that the percentage
difference in pulmonary leak index between lungs did not differ
among groups may indicate that the lung injury of ARDS is
homogeneous or that potential heterogeneity does not exceed
measurement error. Our method takes potential changes in
pulmonary blood volume during data acquisition into account.
Indeed, decreases in pulmonary blood volume during perme-
ability and increases during hydrostatic edema may result in
under- and overestimations of the PLI, respectively, as shown in
dogs (27). Our data indicate that, on the average, pulmonary
blood volume hardly changed during these conditions, but use
of a blood-pool marker was still considered mandatory to avoid
the adverse effect of unexpected or unnoticed blood volume
changes on the pulmonary leak index. Indeed, changes in the
lung-to-blood *°™Tc¢ radioactivity ratio suggest that pulmonary
blood volume may increase or decrease by as much as 15%
during data acqunsmon provided that the hematocrit in lung and
peripheral blood is similar and *™Tc eluted from red blood
cells does not accumulate in the interstitial space. Assuming
unchan ged hematocrit during data acquisition, the decline in
blood **™Tc¢ radioactivity of about 5% conforms with the
~3%-5% per hour elution of **"Tc from red blood cells
reported earlier (23). Nevertheless, the contribution of the
blood-pool marker to the accuracy and diagnostic value of the
pulmonary leak index deserves further study.

CONCLUSION

The ®’Ga PLI is a useful tool to differentiate clinical ARDS
from HPE. On the basis of the pathophysiology and measure-
ment principle involved, the PLI may even serve as a gold
standard to diagnose ARDS.
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