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Introduction

The adult respiratory distress syndrome
(ARDS) is a form of acute lung injury
defined by fulfillment of radiologic and
physiologic criteria. The pathologic
correlate of this clinical syndrome is se-
vere and usually diffuse damage to
alveolar-capillary units, with accumula-
tion of protein-rich pulmonary edema
fluid. The immediate result of damage
to these units is increased transvascular
fluid and solute flux, which, if lymphatic
clearance is overcome, leads to pulmo-
nary edema. Thus, in mild or early pul-
monary injury, lung water itself may not
be increased (1). Likewise, early in the
development of lung injury, conventional
measurements of gas exchange or lung
mechanics are poor predictors of the spe-
cific abnormalities that will produce
edema (2).

Despite modern intensive care manage-
ment, mortality in ARDS has remained
high, exceeding 60% in a recent series (3).
The development of relatively noninva-
sive methods of examining alveolar cap-
illary barrier function may improve prog-
nosis because of earlier diagnosis and
more accurate monitoring of the effects
of treatment. We have compared indices
of permeability of both components of
the alveolar-capillary barrier in order that
the specificity and sensitivity of the 2
techniques could be assessed. Previous
studies of lung permeability in ARDS
have examined either transvascular pro-
tein flux (4) or the clearance of an in-
haled, radiolabeled, low molecular
weight solute, M T¢ diethylene triamine
pentacetate (DTPA) (5) as indices of en-
dothelial and epithelial injury, respec-
tively. DTPA clearance is increased in this
syndrome, but this finding is not specific
to ARDS as increased clearance has been
reported in otherwise normal smokers
(6), patients with interstitial lung disease
(7), and in normal subjects while breath-
ing with 10 cm H,O of positive end expi-
ratory pressure (PEEP) (8). No previous
study has, however, compared the extent
of increased DTPA clearance in ARDS
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SUMMARY Measurements of pulmonary clearance of inhaled ¥®™Tc-DTPA and transvascular 113™jn-
transferrin flux were made in 12 patients with established ARDS and 14 volunteer control subjects
(7 smokers and 7 nonsmokers). Smokers had significantly increased 98M1:.DTPA clearance (clear-
ance rate constant, 36 + 0.8; mean + SEM) compared with nonsmokers (1.2 + 0.1). All patients
with ARDS had increased clearance of 9™Tc-DTPA (5.2 = 0.9), but the finding was nonspecific
in that increased clearance overlapped with the findings in normal smokers. Protein flux in smokers
(protein flux units, 0.0 + 0.2) was similar to that in nonsmokers (0.3 + 0.2). In 9 of the 12 patients
with ARDS, protein flux was increased, and as a group (3.2 +1.0) they differed significantly (p <
0.01) from the combined smoking and nonsmoking control subjects (0.2 + 0.1, n=14). The parameters
of DTPA clearance and transvascular protein flux correlated well in the patients with ARDS (Spear-
man’s rank correlation = 0.71, p < 0.01). Aithough 99M1c DTPA clearance is a sensitive technique
in ARDS, a single study in this context does not allow a diagnostic conclusion because of its non-
specificity. Abnormal protein flux appears to be more specific for ARDS but was not a universal

finding in the patients studied.
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with that found in normal smokers. In
view of this and in an attempt to define
the relationship of DTPA clearance to
macromolecular vascular leakage, we
studied both indices in a group of pa-
tients with ARDS as well as in normal
smokers and nonsmokers.

In this study, endothelial injury was
assessed by measuring the transvascular
flux of !3mIn-transferrin, corrected for
changes in pulmonary blood volume
using 99mTc-labeled red blood cells.
Previous studies in patients with ARDS
using a similar approach had suggested
that the determination of protein flux was
both sensitive and specific. These studies,
however, had possible sources of error
introduced by either not monitoring
changes in pulmonary blood volume (4)
or relying on only 1 scintillation detec-
tor to study 2 regions of interest (9).

Methods
Subjects

Twelve consecutive nonsmoking patients ad-
mitted to the Intensive Care Unit were stud-
ied as soon as they fulfilled the following
criteria for the diagnosis of ARDS: (J) sud-
den onset of acute respiratory failure requir-
ing mechanical ventilation; (2) diffuse air-
space infiltrates on chest radiograph; (3) ra-
tio of arterial to alveolar partial pressure of
oxygen less than 0.25; (4) total static thoracic
compliance less than 30 ml/cm H,O; (5) pul-
monary capillary wedge pressure less than 16

mmHg when measured. Clinical details are
summarized in table 1.

Seven smoking and 7 nonsmoking volun-
teers (respective age ranges, 23 to 33 and 22
to 41 yr) were studied as a control group. All
were healthy and none had a recent history
of upper respiratory tract infection or medi-
cation use. The study was approved by the
Hospital Ethical Committee, and subjects or
their next of kin gave informed consent.

Pulmonary DTPA Clearance
Clearance of inhaled ®*MTc-DTPA was meas-
ured as previously described (10). Briefly, an
aerosol of DTPA was generated with a jet
nebulizer equipped with a particle separator
that produces particles with a mass median
aerodynamic diameter of 0.5 pm (Cis Limited,
London, UK). In normal subjects, the nose
was occluded, and each subject inhaled the
aerosol for 2 to 3 min. In the ARDS group,
radioactivity was introduced by manual ven-
tilation using a nonrebreathing system. Radio-

activity was counted with 2 scintillation de-
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TABLE 1
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CLINICAL DETAILS FROM THE PHYSIOLOGIC AND PERMEABILITY STUDIES OF PATIENTS WITH ARDS

Physiologic Status at Time of Study

Permeability Indices

Total Thoracic

Patient Age Sex Arterial/Alveolar Compliance PCWP Rate Constant K Flux Units
No. (yn) Diagnosis Po, RATIO (mi/cm H,0) (mmHg) (DTPA) (protein)
1 28 M Post-BMT (no puimonary pathogen) 0.14 14 10 6.9 9.5
2 53 F Laporotomy x 3; transfusion > 100 units 0.18 20 CVP, 3cm 1.9 -09
3 2 F Post-BMT (cytomegalovirus) 0.15 17 12 3.8 3.2
4 72 F Postcardiopulmonary bypass 0.23 22 15 2.6 1.6
5 26 F Post-BMT (Herpes simplex) 0.19 24 11 3.7 0.2
6 27 M Post-BMT (no pathogen) 0.18 17 CVP, 4 cm 33 -03

7 48 M Inf. endocarditis; ARDS postcardiopulmonary
bypass for valve replacement 0.15 20 4 46 4.1
8 19 M Postoperative aspiration 0.18 23 10 5.8 7.6
9 28 M Post-BMT (no pathogen) 0.15 14 CVP, 3 cm 7.9 1.6
10 74 M Acute fibrosing alveolitis (Hamman-Rich) 0.10 18 CVP,2cm 4.9 2.1
11 70 M Acute myocardial infarction with renal
failure and sepsis 0.09 29 10 3.9 1.6
12 23 M Post-BMT (no pathogen) 0.10 20 CVP, 6 cm 13.3 8.5

Definition of abbreviations: PCWP = pulmonary capillary wedge pressure; BMT = bone marrow transplant; CVP = central venous pressure (measured from anterior axillary line).

tectors placed over the right anterior chest and
right thigh, and an intravenously administered
dose of 99MTc-DTPA (100 nCi) was used for
correction of blood and tissue background
as previously described (10). The decrease in
corrected lung counts was plotted semi-
logarithmically against time. A regression line
was fitted by computer, from which the clear-
ance rate constant K (percent decline in ac-
tivity per minute) was derived.

Transvascular Protein Flux

This technique modified from Gorin and co-
workers (11), and more recently described by
Dauber and colleagues (12), examines dy-
namic flux of transferrin from the intravas-
cular pool (monitored by the scintillation de-
tector over the heart) into the lung. False posi-
tive or negative protein flux caused by
progressive changes in pulmonary blood voi-
ume were prevented by correcting for these
alterations by simultaneously measuring
9mTe_labeled red cell flux.

Red blood cell labeling. Twenty minutes af-
ter intravenous injection of 20 ug/kg of stan-
nous medronate (Amersham International,
Amersham, UK) injected intravenously, a 10-
ml sample of heparinized blood was drawn
from a central venous line in patients and from
a 2l-gauge forearm butterfly needle in con-
trol subjects. After separating and washing
the red cells in saline, they were labeled in vitro
with 1 mCi of 9™T¢. Labeled cells were sub-
sequently reinjected and used as the blood
pool marker. Binding efficiency was consis-
tently greater than 95%.

Labeling of protein with '3m Indium. Ap-
proximately 1 mCi of 13MIn (half-life, 100
min) was injected intravenously (along with
the labeled autologous red cells); 113mIn
binds to plasma transferrin in vivo. Thirty
minutes thereafter, ultrafiltration of plasma
(Micropartition System; Amicon, Gloucester,
UK) showed less than 3% of 13M[p to be
nonprotein bound. Acrylamide gel elec-
trophoresis and subsequent counting of sliced

gel in a scintillation well counter showed bind-
ing to a protein with electrophoretic mobility
consistent with transferrin (molecular weight,
76,000).

Calculation of protein flux. A period of
15 min was allowed for equilibration after iso-
tope injection. Scintillation detectors were
placed over the lung (right upper zone) and
heart (as a measure of blood pool activity).
The lung detector was placed regardless of
distribution of radiologic abnormalities in the
patients with ARDS, whereas the heart de-
tector was placed where counts from labeled
red cells were maximal 10 min after injection.
The detectors used in both studies comprised
5.1 cm by 5.1 cm collimated Nal crystals. The
spectrometer (NE 4697; Nuclear Enterprises,
Edinburgh, UK) was fitted with 2 pulse height
analyzers enabling simultaneous recording of
counts caused by both isotopes from each
probe detector. This was interfaced with a ded-
icated minicomputer (Dragon 64; Com-
pusense Ltd., London, UK) that facilitated
display and recording of data. A correction
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Fig. 1. Protein flux study in Patient 1. Linear regression
equation for uppermost slope; y = 1.01 + 00096 x
1(r = 0.94). Therefore, calculated protein flux index al-
lowing for correction for physical factors (see text) =
95 (x 107).

factor for influence of 113MIn on %™ Tt was
derived initially and applied to subsequent
99mT counts. In all studies, counts were seri-
ally recorded for at least 30 min. To correct
for any dynamic changes in pulmonary blood
volume, the 13Mn-protein lung/heart ratio
for each minute was divided by the lung/heart
ratio for labeled red cells at that time. The
rate of change of this corrected !13MIp
lung/heart ratio was quantitated by plotting
the individual points versus time and draw-
ing a computer-fitted regression line. The
regression-equation-derived slope was divided
by the Y intercept at time zero to correct for
differences in physical factors between studies
(12). This quotient was used as the index of
vascular permeability and expressed as pro-
tein flux units (X 103/min). A representa-
tive protein flux study from Patient 1 is shown
in figure 1.

Study Protocol

All patients with ARDS were studied in the
supine position while mechanically ventilated,
and in 4 of them, greater than 6 cm H,O of
PEEP was being applied (maximum, 10 cm).
Volunteer control subjects were studied on one
day while resting comfortably in a semisu-
pine position. In both groups, DTPA clear-
ance was measured initially, and the transfer-
rin flux study was started within 30 min of
its completion. The counts from the 9MTc-
labeled red cells were approximately 10 times
the residual counts from the prior 9mMTc-
DTPA study and counts from this source were
ignored in the transferrin flux study.

Statistical Analysis

For the DTPA clearance study, the 3 groups
were analyzed by one-way analysis of vari-
ance and unpaired ¢ tests on logarithmically
transformed data. When appropriate, possi-
ble Type 2 errors (false acceptance of the null
hypothesis) were investigated by calculating,
the power and beta value (13). Transferrin flux
was compared using the Mann-Whitney U test
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Fig. 2. Clearance of DTPA expressed as rate constant
K (%/min) in the 3 study groups. Nonsmokers versus
both smokers and patients with ARDS: p < 0.001.

because of the larger variances. A p value less
than 0.05 was deemed significant. All results
are expressed as mean + standard error of
the mean.

Results

Values for both permeability indices in
the patients with ARDS are described in
table 1. Individual data for pulmonary
clearance of #™Te-DTPA for the 3 study
groups are represented in figure 2. Lin-
ear correlation coefficients for all DTPA
clearance slopes were at least —0.96; K
values for 9¥mTc-DTPA clearance did not
differ significantly between normal
smokers and patients with ARDS (3.6 =
0.8 and 5.2 + 0.9, respectively), but both
groups differed significantly from nor-
mal nonsmokers (1.2 = 0.1, p < 0.001).
The possibility of a beta error (1- power)
calculated for the comparison between
smokers and patients with ARDS was
0.64. Transvascular protein flux data (fig-
ure 3) revealed no significant differences
between smokers and nonsmokers (pro-
tein flux units of 0.0 + 0.2 and 0.3 £
0.2, respectively), and therefore their data
were combined to form 1 control group
(0.2 = 0.1, n=14). Results from this con-
trol group differed significantly from that
of the 12 patients in the ARDS group (3.2
+ 1.0, p < 0.01).

Within the ARDS group there was sig-
nificant Spearman’s rank correlation (rs
= 0.71, p < 0.01) between the index of
protein flux and K value for 9mTc-
DTPA clearance in each individual pa-
tient (figure 4). Although all 12 patients
with ARDS had K values for #mTc-
DTPA clearance greater than 95% con-
fidence limits derived from 7 normal non-
smokers, only 9 had indices of protein
flux greater than the 95% confidence
limits established in the combined con-
trol group. The linear correlation coeffi-

cient for the plots of corrected 113mIn-
transferrin lung/heart ratios versus time
in those patients with positive slopes out-
side the control values ranged from 0.58
to 0.94 (mean r = 0.74).

Only 2 of the 12 patients studied (Pa-
tients 7 and 8) recovered from respira-
tory failure, and 1 of these died during
the same admission from an unrelated
cause (Patient 7). Autopsies were per-
formed in 7 patients. Six showed diffuse
alveolar damage butin 1 (Patient 10), the
predominant feature was diffuse fibrosis.

Discussion

These studies demonstrate similarly in-
creased PmTe-DTPA clearance in healthy
smokers and patients with ARDS. Al-
though increased transvascular protein
flux was not found in 3 of the 12 patients
studied, the group as a whole differed
significantly from control subjects. Thus
far, this finding appears specific to ARDS
as normal values were found in the
smokers in this study and in patients with
cardiogenic pulmonary edema (4). Close
rank correlation was shown between the
2 indices of lung injury in the patients
with ARDS.

13mIn Transferrin Flux
An experimental study using a similar
technique suggested that abnormal pro-
tein flux could be detected in mild injury
despite unchanged gravimetric extravas-
cular lung water (12). In addition, the in-
vestigators showed that corrections for
regional blood volume and physical fac-
tors (geometry of the chest, chest wall
thickness, lung tissue density, etc.) in-
creased the specificity of the protein flux
data. Patients with ARDS, however, un-
like laboratory animals after a discrete
noxious insult, are probably in a steady
state with regard to vascular derecruit-
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Fig. 3. Protein flux expressed as protein flux units (see
text) in the 3 study groups. Patients with ARDS versus
combined smokers and nonsmokers: p < 001.
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ment and permeability changes. An ex-
planation for the failure to detect abnor-
mal protein flux in 3 patients in this study
is the possible transient nature of pro-
tein leakage. This is supported by ex-
perimental evidence that pulmonary ede-
ma formation (and presumably increased
vascular permeability) usually reaches a
maximum within 24 h of acute lung in-
jury (14). Thereafter, the edema fluid is
gradually resorbed, and hyaline mem-
branes and interstitial inflammation be-
come more prominent histologically. All
3 patients were studied within 24 h of ful-
fillment of ARDS criteria, but abnormal
protein flux may have been too transient
for detection with this technique. Alter-
natively, because blood flow to the more
injured areas is reduced (15), normal flux
data may represent more active derecruit-
ment of these regions compared with that
in the other patients. Gas exchange was,
however, severely impaired in all 3, and
none survived.

Inhaled 9" Te-DTPA Clearance
In contrast to the data for protein flux,
clearance of inhaled #™Tc-DTPA was
increased in every patient with ARDS
studied, but this finding was not specific
to the syndrome. These data show that
as far as the extent of increased clear-
ance is concerned, the technique cannot
distinguish between patients with ARDS
and normal smokers, although the form-
er group did tend towards higher rate
constants for tracer solute clearance. Al-
though the number of subjects studied
was relatively smail for this comparison,
thus reducing the power of the statistic,
it is unlikely that the failure to define a
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Fig. 4. Protein flux units versus rate constant K (%/min)
for DTPA clearance in each patient with ARDS. Spear-
man's rank correlation coefficient (rs) = 0.71; p < 0.01.
Normal (dotted area): area bound by 95% confidence
intervals in control subjects (see text). Hatched area
represents significantly increased DTPA clearance, nor-
mal protein flux.



LUNG VASCULAR AND EPITHELIAL PERMEABILITY INDICES IN ARDS

difference between these groups repre-
sents a statistical Type 2 error. Other
larger studies in smokers have demon-
strated similar means and standard er-
ror for the DTPA clearance rate constant
(16, 17) to that in this study. The healthy
smoking subjects must have near normal
lung structure in contrast to the severe
diffuse lung injury of the patients with
ARDS. The finding of similarly increased
clearance in both groups may support
previous suggestions that the site of in-
creased solute flux in smokers is in respi-
ratory bronchioles rather than in alveoli
(18). The alveoli, unlike the bronchioles,
do not show inflammatory changes in
young smokers (19). Implicit in these in-
ferences from the 9™ Tc-DTPA clearance
data is the actual deposition of aerosol-
ized tracer solute on peripheral non-
ciliated epithelium including respiratory
bronchioles and alveoli. Undoubtedly
there must be some deposition of aero-
sol on more proximal airways; the rela-
tive surface areas of air spaces and air-
ways together with the DTPA particle size
must, however, imply that the contribu-
tion from alveoli is orders of magnitude
greater than from airways. It seems rea-
sonable, therefore, to regard this tech-
nique as an index of alveolar epithelial
permeability.

This study suggests that measurement
of DTPA clearance in patients with a re-
cent smoking history will not provide di-
agnostically useful information. In non-
smoking patients, a single study show-
ing increased solute clearance implies an
active inflammatory process, and serial
studies may provide useful information
of recovery of alveolar-capillary barrier
integrity (20). The use of PEEP in many
of the patients with ARDS introduces a
possible source of error for the clearance
data because PEEP increases the clear-
ance of DTPA in normal nonsmokers (8).
However, preliminary experimental evi-
dence (21) has demonstrated that in the
presence of acute lung injury, clearance
is unaffected by PEEP. It seems unlikely,
therefore, that this factor influenced
DTPA clearance in the patient group.

Correlation between 13" In-Transferrin Flux
and M Te-DTPA Clearance
The significant rank correlation in the
patients with ARDS between DTPA
clearance and transvascular flux was an
unexpected finding. The alveolar epithe-
lium and the pulmonary capillary en-
dothelium have very different reflection
coefficients for a substance of known

molecular radius (22). This is particularly
marked for small molecules like DTPA
{molecular radius, 0.6 nm) where the ep-
ithelium is virtually 10 times less perme-
able than the endothelium. Thus, most
of the resistance to diffusion across the
barrier of a hydrophilic solute like DTPA
is in the epithelium rather than in the en-
dothelium. These relationships apply,
however, to normal rather than to injured
lung. The strong relationship found be-
tween the 2 indices of barrier integrity,
despite the heterogeneity of predispos-
ing conditions to lung injury, would sug-
gest that both epithelium and endothe-
lium were damaged proportionately. This
is in accord with a recent study of pa-
tients with acute alveolitis, where a sig-
nificant correlation was shown between
DTPA clearance and lung lavage albu-
min concentrations (23).

In summary, although DTPA clearance
is a sensitive technique in ARDS, a sin-
gle finding of increased clearance in a pa-
tient who smokes is nonspecific. Its use,
therefore, in smokers with clinical acute
lung injury cannot be advocated. Trans-
vascular protein flux, although not as
sensitive as DTPA clearance, is not af-
fected by smoking and appears at pres-
ent specific for the syndrome. The par-
ticular advantage of these solute flux
techniques lies in their sensitivity in early
or mild injury when extravascular lung
water and the chest radiograph may be
normal (12, 20). In addition, serial studies
should provide more dynamic informa-
tion about alveolar-capillary recovery.
The use of these techniques will, hope-
fully, focus attention on the early phase
of acute lung injury, when the potential
benefit of appropriate therapy is greatest.
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