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Background—Pulmonary capillary endothelium-bound (PCEB) angiotensin-converting ectoenzyme (ACE) activity
alteration is an early, sensitive, and quantifiable lung injury index in animal models. We hypothesized that
(1) PCEB-ACE alterations can be found in patients with acute lung injury (ALI) and (2) PCEB-ACE activity correlates
with the severity of lung injury and may be used as a quantifiable marker of the underlying pulmonary capillary
endothelial dysfunction.

Methods and Results—Applying indicator-dilution techniques, we measured single-pass transpulmonary hydrolysis of the
synthetic ACE substrate3H-benzoyl-Phe-Ala-Pro (BPAP) in 33 mechanically ventilated, critically ill patients with a
lung injury score (LIS) ranging from 0 (no lung injury) to 3.7 (severe lung injury) and calculated the kinetic parameter
Amax/Km. Both parameters decreased early during the ALI continuum and were inversely related to APACHE II score
and LIS. Hydrolysis decreased with increasing cardiac output (CO), whereas 2 different patterns were observed between
CO and Amax/Km.

Conclusions—PCEB-ACE activity decreases early during ALI, correlates with the clinical severity of both the lung injury
and the underlying disease, and may be used as a quantifiable marker of underlying pulmonary capillary endothelial
dysfunction.(Circulation. 2000;102:2011-2018.)
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A cute lung injury (ALI) is an acute, diffuse, and severe
alteration of lung structure and function that occurs after

exposure to noxious external or endogenous agents. ALI
represents a pathological continuum, with various degrees of
arterial blood gas and chest radiograph abnormalities.1 The
most severe extreme of this continuum is the acute respiratory
distress syndrome (ARDS), an overt noncardiogenic pulmo-
nary edema.2 ALI/ARDS pathogenesis is only partly under-
stood; however, pulmonary endothelium plays a major role
by (1) altering its metabolic activity, thus affecting pulmo-
nary and systemic homeostasis; (2) mediating cell-cell adhe-
sion, especially with neutrophils; and (3) changing its barrier
permeability, thus promoting pulmonary edema formation.3

Pulmonary endothelium participates in numerous impor-
tant physiological and pharmacokinetic processes.4,5 Ectoen-
zymes located on the endothelial luminal surface are directly
accessible to blood-borne substrates, and their activities may
be measured in vivo by means of indicator-dilution tech-
niques.5–7 Among them, angiotensin-converting enzyme

(ACE; kininase II; EC 3.4.15.1), a major regulator of vascular
tone, hydrolyzes angiotensin I and deactivates bradykinin.8

ACE molecules are uniformly distributed along the luminal
pulmonary endothelial surface, including the membrane
caveolae.9

Pulmonary capillary endothelium-bound (PCEB)-ACE ac-
tivity has been extensively studied by means of indicator-
dilution techniques in animals: Under physiological condi-
tions, PCEB-ACE activity allows estimations of dynamically
perfused capillary surface area (DPCSA)7,10,11; under toxic
conditions, PCEB-ACE dysfunction is an early and sensitive
index of lung vascular injury.6,12–15 The PCEB-ACE
indicator-dilution technique has recently been validated in
humans, providing evidence that it can be performed safely at
the bedside and establishing the range of PCEB-ACE activity
values for humans without lung disease.16

We therefore tested the hypothesis that PCEB-ACE
activity (1) is altered in critically ill patients with ALI,
(2) correlates with the severity of lung injury and the
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underlying disease, and (3) may be used as a quantifiable
marker of the underlying pulmonary capillary endothelial
dysfunction.

Methods

Subjects
Thirty-three critically ill patients, 22 men and 11 women, 14 to 87
years old, suffering from illnesses that can cause ARDS2 (Table)
participated in a protocol approved by our Hospital Ethics Commit-
tee. Informed written consents were obtained. All patients were
hospitalized in a general Intensive Care Unit (ICU), were mechani-
cally ventilated, had no history of chronic lung or heart disease, and
were not on ACE inhibitors. Patients were recruited at the first ICU
visit of the assigned investigator. An initial PCEB-ACE activity
estimation was performed for each patient. Eleven patients had 2
additional estimations (total53) 48 hours apart.

Patients were grouped according to their lung injury score (LIS),
introduced by Murray et al,17 as having no lung injury (nLI; LIS50),
mild-to-moderate lung injury (mLI; LIS50.1 to 2.5), and severe lung
injury (sLI; LIS.2.5). To allow comparisons with other studies,
patients were also grouped according to the American-European
Consensus criteria1 as not having acute lung injury (NoALI) and
having ALI/ARDS.

To validate the technique reproducibility, 7 other mechanically
ventilated, head-trauma patients with LIS50 were studied. Two
PCEB-ACE activity estimations were performed per patient, 30
minutes apart.

All patients had catheters placed in either the subclavian or the
internal jugular vein and in the radial artery as part of their routine
treatment. On the day of PCEB-ACE activity measurements, the
following were performed or recorded: full hematological-
biochemical profile, chest radiographs, vital signs, nutrient/drug
administration, and central nervous system status assessment (Glas-
gow Coma Scale). Immediately before measurement, heart rate,
mean systemic arterial pressure (MAP), ventilator mode/settings,

Characteristics, Diagnosis, Hemodynamics, Arterial Blood Gases, FIO2, and Time From Ventilatory Failure Onset to Enzyme Activity
Measurement of the 33 Study Subjects

Subject Age, y Sex Diagnosis Hct CO, L/min MAP, mm Hg pH PaCO2, mm Hg PaO2/FIO2, mm Hg VF, d

1 46 F Pancreatitis 0.328 5.17 67 7.51 29 172/0.40 23

2 22 M Trauma, fat embolism 0.276 13 80 7.50 33 173/0.30 2

3 68 F Aspiration 0.240 8.81 79 7.30 41 54/0.60 8

4 39 F Hodgkin’s, pneumonia 0.220 8.61 60 7.51 30 48/0.85 1

5 16 F Hodgkin’s, sepsis 0.315 3.10 82 7.35 67 84/1 4

6 73 F Surgical sepsis 0.273 7.10 104 7.40 61 56/0.75 11

7 85 F Surgical sepsis 0.221 3.83 96 7.33 31 104/0.67 2

8 87 M Surgical sepsis 0.30 3.17 80 7.48 27 119/0.50 20

9 73 M Surgical sepsis 0.253 14.63 94 7.40 38 108/0.55 3

10 37 F Stroke, sepsis 0.225 8.12 90 7.36 46 307/0.60 15

11 54 M Stroke, sepsis 0.427 7.28 61 7.29 40 119/0.60 5

12 50 M Pneumonia 0.233 6.58 75 7.32 43 67/0.65 11

13 70 M Pneumonia 0.289 5.12 56 7.43 35 78/0.55 17

14 76 M Pneumonia 0.285 10.62 78 7.30 46 70/0.40 24

15 22 F Pneumonia 0.360 5.46 80 7.23 70 41/1 1

16 14 M Pneumonia 0.270 3.08 67 7.18 79 53/1 0

17 22 M Head trauma 0.29 10.09 87 7.52 34 198/0.40 3

18 76 M Head trauma 0.310 3.04 87 7.53 24 113/0.50 8

19 24 M Head trauma 0.250 6.08 83 7.46 35 229/0.60 1

20 22 M Head trauma, aspiration 0.318 11.34 87 7.44 35 93/0.75 1

21 22 M Multiple trauma 0.390 10.5 82 7.47 32 270/0.49 2

22 60 F Multiple trauma 0.265 7.69 77 7.42 50 79/0.60 8

23 30 M Multiple trauma 0.325 11 65 7.35 39 129/0.50 12

24 74 M Multiple trauma 0.330 4.66 95 7.57 25 80/0.50 0

25 63 M Multiple trauma 0.297 3.70 77 7.50 34 119/0.65 0

26 66 F Multiple trauma 0.340 3.77 91 7.34 32 100/0.50 1

27 56 M Multiple trauma 0.220 4.82 87 7.38 62 66/0.65 22

28 55 M Multiple trauma 0.270 6.43 89 7.39 35 93/0.60 15

29 17 F Multiple trauma 0.309 6.8 95 7.21 82 34/1 4

30 30 M Multiple trauma 0.280 5.94 77 7.48 31 143/0.40 5

31 18 M Multiple trauma 0.380 6.53 87 7.47 29 167/0.37 1

32 24 M Multiple trauma 0.296 10.28 79 7.43 32 191/0.45 4

33 26 M Multiple trauma 0.230 8.22 84 7.51 28 214/0.50 2

Hct indicates hematocrit; VF, ventilatory failure.
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positive end-expiratory pressure (PEEP), and the inspiratory oxygen
fraction (FIO2) were recorded; arterial blood was withdrawn for
arterial blood gas and hematocrit determinations. Disease and lung
injury severity were estimated by assessing the acute physiology,
age, and chronic health evaluation (APACHE II),18 and LIS (chest-
roentgenogram score, PaO2/FIO2, and PEEP), respectively.17 Survival
was subsequently recorded at ICU discharge.

Using indicator-dilution techniques, we estimated under first-
order reaction conditions the single-pass transpulmonary hydrolysis
of the synthetic ACE substrate3H-benzoyl-Phe-Ala-Pro (3H-BPAP)
by PCEB-ACE. The methodology used is described in detail else-
where.16 Briefly, for each determination, a 1.5-mL normal saline
solution was prepared containing 20mCi of 3H-BPAP (22.2
Ci/mmol). From it, 1.3 mL ('17 Ci) was injected as a bolus into the
pulmonary circulation through either the distal port of a central vein
catheter or the proximal port of a Swan-Ganz catheter. Simulta-
neously, arterial blood was withdrawn with a peristaltic pump
through the radial artery catheter into a fraction collector (1.2 mL
blood per tube, 16 tubes). Blood was collected into 1.75 mL of
normal saline containing 5 mmol/L EDTA and 6.8 mmol/L
8-hydroxyquinoline-5-sulfonic acid to prevent further activity of
blood ACE, and heparin 1000 IU/L (“stop” solution). Four additional
tubes containing 1.75 mL stop solution, 1.2 mL blood withdrawn
before isotope administration, and 0.02 mL of the isotope mixture
were used to calculate the exact amount of radioactivity
administered.

Blood samples were collected and centrifuged (3000 rpm, 10
minutes). From the supernatant, a 0.5-mL aliquot of a given sample
was transferred into a scintillation vial, and total3H radioactivity was
measured in the presence of 5 mL Ecoscint (National Diagnostics).
For the determination of metabolite-associated radioactivity, another
0.5 mL of the supernatant was transferred into a separate vial
containing 2.5 mL HCl (0.12N); 3 mL of Toluene-Scintillator
(Packard) was added, samples were mixed, and radioactivity was
measured 48 hours later. In this way,'70% of the 3H-BPAP

metabolite 3H-benzoyl-Phe (3H-BPhe) and,10% of the parent
3H-BPAP were extracted in the organic phase of the mixture (ie,
toluene). The precise values were calculated by identical processing
of separate tubes containing substrate or previously synthesized
product.

Enzyme Activity Indices
PCEB-ACE activity was estimated as v (3H-BPAP transpulmonary
hydrolysis) and Amax/Km.16

Hydrolysis (v)5capillary enzyme concentration3reaction time
(capillary-transit time, tc)3kcat/Km (catalytic rate constant/Michaelis-
Menten constant).12,16,19

Amax/Km5total enzyme mass3kcat/Km.16,20

Pulmonary plasma flow and cardiac output (CO) were calculated
as previously described.20

Under normal lung conditions, Amax/Km is an index of PCEB-ACE
mass and, for ACE that is evenly distributed along the luminal
endothelial surface area,9 an index of DPCSA in animals7,10,11 and
humans.16 Under toxic conditions (alterations of enzyme expression
and/or kinetic constants), Amax/Km should be considered an index of
functional capillary surface area (FCSA),16 related to enzyme quan-
tity available for reaction (the product of DPCSA and the enzyme
mass expressed on the endothelial surface) and to enzyme kinetic
constants. In this case, Amax/Km may not be used as a DPCSA index.

Statistical Analysis
Data are presented as mean6SEM and individual values. Paired and
Student’s t test, ANOVA followed by the Newman-Keuls’ test,
ANCOVA for repeated measures, regression analysis, and Fisher’s
exact test were used as appropriate. Pearson’s correlation coefficient
(r) and Spearman’s coefficient (rs) are reported where appropriate.
Differences were considered significant at a value ofP,0.05.

Figure 1. Effluent arterial plasma concentration
curves of total tritium (3H) and 3H-BPAP of 2
representative patients. BPAP hydrolysis (v)
was estimated from samples in which total
radioactivity dpm.103background dpm.
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Results
Single/First PCEB-ACE Activity Estimation
Patients’ characteristics, diagnosis, hematocrit, hemodynam-
ics, arterial blood gases, and days of ventilatory failure at
PCEB-ACE activity determination are presented in the Table.
Ventilatory failure duration was not related to v (r520.080,
P50.657), Amax/Km (r520.119, P50.509), or any other
disease-related parameter (LIS, LIS components, APACHE
II, or CO; data not shown). Consequently, ventilatory failure
duration did not affect the obtained data.

Arterial outflow concentration curves of total3H and the
surviving3H-BPAP through a single transpulmonary pass and
the corresponding hydrolysis (v) of3H-BPAP by PCEB-ACE
of 2 representative patients are shown in Figure 1. The patient
with mLI (LIS51.7) exhibits higher cumulative v (0.63) than
the sLI patient (LIS52.7; v50.2).

PCEB-ACE activity parameters of the 33 patients, grouped
according to the American-European Consensus Criteria,1 are
presented in Figure 2 (top). The only patient who met the
criteria for ALI was added to the ARDS group. Both v and
Amax/Km were decreased in ALI/ARDS (n520) compared
with NoALI (n513) (0.460.05 versus 1.1560.06,P,0.01,
and 21846497 versus 61286693 mL/min,P,0.01, respec-
tively, by Student’st test). Similar decreases were present in
the 19 ARDS patients (0.3960.05 and 22266522 mL/min,
P,0.01 versus the NoALI group).

PCEB-ACE activity values of the 33 patients grouped
according to LIS17 are presented in Figure 2 (bottom). As LIS
increased from 0 (nLI; n57) to .2.5 (sLI; n58), v and

Amax/Km decreased from 1.1160.09 to 0.360.06,P,0.001,
and 65966768 to 13326266 mL/min,P,0.005, respec-
tively, by ANOVA. Significant v differences were observed
among all 3 groups, whereas there were no differences in

Figure 3. Negative correlations of BPAP hydrolysis (v; top) and
Amax/Km (bottom) with LIS. Linear curves represent least-squares
lines.

Figure 2. Top, BPAP hydrolysis (v) and
Amax/Km in NoALI patients and those with ALI/
ARDS (American-European Consensus Crite-
ria1). Values are mean6SEM. **P,0.01 by Stu-
dent’s t test. Bottom, v and Amax/Km in patients
with no lung injury (LIS50), mild-to-moderate
lung injury (LIS50.1 to 2.5), and severe lung
injury (LIS.2.5) (Murray et al.17) *P,0.05,
**P,0.01 vs LIS50 by ANOVA and Newman-
Keuls test
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Amax/Km between mLI (n518; LIS50.1 to 2.5) and sLI
(Newman-Keuls’ test).

The negative correlations of individual v and Amax/Km

values versus the corresponding LIS are shown in Figure 3:
As LIS increased from 0 to 3.7, v decreased linearly from
1.56 to 0.08 (r520.827,P,0.001), and Amax/Km decreased
linearly from 10 149 to 385 mL/min (r520.684,P,0.001).
The relations of v and Amax/Km with the 3 LIS components17

are presented in Figure 4: Both v and Amax/Km correlated
inversely with chest roentgenogram score (rs520.775,
P,0.001 andrs520.687,P,0.005, respectively) and PEEP
(rs520.646,P,0.001 andrs520.566,P,0.001, respective-
ly), whereas they increased linearly with increasing PaO2/FIO2

(r50.712, P,0.001 andr50.703, P,0.001, respectively).
An inverse correlation was noted between v, Amax/Km, and

APACHE II score18 (Figure 5; n529;r520.672, P,0.001
and r520.704,P,0.001, respectively).

Individual v and Amax/Km values plotted against CO are
shown in Figure 6 (left). Hydrolysis (v) appeared to be
independent of CO (r50.228), whereas a positive linear
relationship was observed between Amax/Km and CO
(r50.731, P,0.001). However, a multiple linear regression
analysis including both enzyme activity parameters revealed
that v was associated positively with Amax/Km (P,0.001) and
negatively with CO (P,0.001).

When Amax/Km values are divided above and below the
observed mean (3738 mL/min), they form a high group (13
patients; Amax/Km range, 4378 to 10 149 mL/min) and a low
group (20 patients; Amax/Km range, 385 to 3144 mL/min). The
relationship of v versus CO, when divided into these groups,
is presented in the top right of Figure 6: Regression analysis,
adjusting for groups and the group-CO interaction, showed a
negative relationship between v and CO (P,0.01). The
low-group slope (blow520.093) was steeper but not signifi-
cantly different from the high-group slope (bhigh520.048). A
similar analysis revealed a significantly steeper positive slope
for the high group in Amax/Km (Figure 6, bottom right;
P,0.05). When each group was examined separately, v
correlated inversely with CO in the low (r520.484,P,0.05)
and approached significance in the high group (r520.552,
P50.051); Amax/Km was independent of CO in the low
(r520.154) and positively related to CO (r50.589,P,0.05)
in the high group.

PCEB-ACE activity parameters versus PaO2/FIO2 and chest
roentgenogram score in the low and high groups are present-
ed in Figure 7. Both v and Amax/Km were positively related to
PaO2/FIO2 in the low group (r50.573,P,0.01 andr50.449,
P,0.05, respectively) and independent of PaO2/FIO2 in the
high group (r50.361 andr50.101, respectively). Hydrolysis
(v) and Amax/Km correlated inversely with chest roentgeno-
gram score in the low group (rs520.477, P,0.05 and
rs520.449,P,0.05, respectively) and were unrelated to it in
the high group (rs520.430 andrs50.311, respectively).

Figure 5. Negative correlations of BPAP hydrolysis (v; top) and
Amax/Km (bottom) with APACHE II scores. Linear curves repre-
sent least-squares lines.

Figure 4. Left, Negative correlations of BPAP hydrolysis (v; top) and Amax/Km (bottom) with chest roentgenogram scores. Center, Posi-
tive correlations of BPAP hydrolysis (v; top) and Amax/Km (bottom) with PaO2/FIO2. Right, Negative correlations of BPAP hydrolysis (v; top)
and Amax/Km (bottom) with PEEP. Linear curves represent least-squares lines.
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Fourteen patients survived and 19 did not. Twelve survi-
vors belonged in the high group (12/13) and 2 in the low
group (2/20), denoting a higher survival rate in the former
(Figures 6 and 7;P,0.001 with Fisher’s exact test).

Multiple (n53) PCEB-ACE Activity Estimations
In 11 subjects, as LIS increased significantly from 0.8560.24
to 1.2760.29 (P,0.05), v decreased from 0.8660.11 to
0.6660.10 and Amax/Km decreased from 50776970 to
37156581 mL/min. Hydrolysis (v) correlated inversely to

LIS (P,0.01); there was no correlation between LIS and
Amax/Km (ANCOVA repeated measures).

Technique Reproducibility
In 7 patients with LIS50, v and Amax/Km values were similar
in the first and second PCEB-ACE activity estimation
(1.1460.18 versus 1.0860.15 and 44506788 versus
41046639 mL/min, respectively, by pairedt test), with tight
repeatability in each patient (6% and 8%, respectively).

Figure 6. Left, Relationship of BPAP hydrolysis (v; top) and positive correlation of Amax/Km values (bottom) with CO. Right, Relation-
ships of BPAP hydrolysis (v; top) and Amax/Km values (bottom) with CO after data division in high and low groups. Circles indicate high
group subjects; inverted triangles, low group subjects; open symbols, nonsurvivors; and solid symbols, survivors. Linear curves repre-
sent least-squares lines.

Figure 7. Relationships of BPAP hydrolysis (v; top) and Amax/Km values (bottom) with PaO2/FIO2 (left) and chest roentgenogram scores
(right) after data division in high and low groups. Circles indicate high group subjects; inverted triangles, low group subjects; open sym-
bols, nonsurvivors; and solid symbols, survivors. Linear curves represent least-squares lines.
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Discussion
Pulmonary endothelium possesses important metabolic activi-
ties, which may be altered early in ALI and may contribute to its
progression.3–5 Numerous investigations of endothelium-related
mediators of ALI in animals and humans have provided insights
into the pathogenesis of the syndrome and have examined
potential predictors of either ARDS development in high-risk
patients or outcome.3 In this respect, pulmonary endothelium-
mediated extraction of serotonin correlated with ARDS severity,
whereas pulmonary propranolol extraction was decreased in
patients at risk.21 More recently, the net balance between
pulmonary clearance and release of endothelin-1, which is
produced by endothelial cells and extracted by pulmonary
endothelium, was decreased early in ALI, whereas it reversed in
patients who recovered.22 Other markers of endothelial dysfunc-
tion in ALI/ARDS include plasma levels of von Willebrand
factor,23 soluble endothelium-derived adhesion molecules (E-
and P-selectins, intracellular adhesion molecule-1),3 and plasma
soluble-ACE activity.24 The endothelial markers thus far identi-
fied, however, have not been useful to predict ARDS develop-
ment in multiple at-risk patients.3 Consequently, the need for
new methods of directly assessing pulmonary endothelial func-
tion in humans still exists.

In this study, using indicator-dilution techniques, we have
estimated PCEB-ACE activity in vivo in critically ill patients.
Animal studies have shown that PCEB-ACE dysfunction is
an early and sensitive index of ALI induced by insults such as
bleomycin, oxygen toxicity, phorbol esters, and chest irradi-
ation.6,13–15In humans without lung disease, there is evidence
for homogeneous PCEB-ACE concentrations and tc in both
lungs.16 In that study, BPAP hydrolysis appeared to be
independent of CI, within the normal CI range, indicative of
similar tc among subjects. PCEB-ACE parameters showed a
relatively broad range of values among subjects, with tight
reproducibility in each individual.16 A similar pattern was
obtained in our 7 patients with LIS50, further confirming the
repeatability of the technique.

Two typical determinations of the single-pass transpulmonary
BPAP hydrolysis in 1 mLI patient and 1 sLI patient are given in
Figure 1. The former exhibited a moderate decrease of v; the
latter, a profound depression of PCEB-ACE activity. Sample-
to-sample hydrolysis (instantaneous v) appears to fluctuate in
both patients. Instantaneous v should reflect ACE activity within
individual groups of capillaries and may be influenced by
substrate transit time, enzyme concentration, and kinetic con-
stants. The pattern in both patients may reflect the presence of a
mild tc heterogeneity, possibly related to pathway alterations,
including flow alterations, in remodeled microvessels.25 Alter-
natively, different capillary groups in the same patient might
exhibit various degrees of kinetic constant or enzyme concen-
tration alterations. The latter would be consistent with the
nonhomogeneous lung pathology in ALI/ARDS.

Patients were grouped according to the American-
European Consensus criteria1 to allow comparisons with
other studies: PCEB-ACE activity parameters were decreased
in patients with ALI/ARDS compared with NoALI patients
(Figure 2), suggesting pulmonary endothelial dysfunction.
BPAP v and Amax/Km values in NoALI patients were similar
to values reported in humans with no lung disease

(1.2960.14 and 45646425 mL/min),16 possibly suggesting
unaltered pulmonary endothelial function in these high-risk,
mechanically ventilated patients.

The use of LIS introduced by Murray et al17 allows
quantification of the clinical severity of lung injury. PCEB-
ACE activity was already altered at the stage of mLI (Figures
2 and 3), suggesting that pulmonary endothelial dysfunction
might occur early during the ALI continuum. The negative
correlation of v and Amax/Km with increasing LIS denotes that
the clinical severity of the syndrome is related to the degree
of PCEB-ACE activity depression and consequently to the
underlying pulmonary endothelial dysfunction. This is further
supported by the sustained negative correlation of v with LIS
over time in the subjects who underwent sequential studies.
The lack of correlation between LIS and Amax/Km should be
related to variations of FCSA during the course of the disease.

The relationships between PCEB-ACE activity and the indi-
vidual LIS parameters studied may be indicative of the pulmo-
nary endothelial contribution to the pathogenetic process (Figure
4): The negative correlation of PCEB-ACE activity with the
chest roentgenogram score suggests that greater endothelial
dysfunction might be related to increased vascular permeability
and the subsequent pulmonary edema revealed on chest radio-
graphs.2,3 The positive correlation of PCEB-ACE activity with
PaO2/FIO2 may be related to endothelium-mediated edema for-
mation, altered flow in remodeled microvessels,25 gas diffusion
abnormalities, and metabolic alterations of vasoactive peptide
synthesis or clearance, all of which promote intrapulmonary
shunting.2 Hydrolysis (v) increases linearly with increasing
PaO2/FIO2 and reaches a plateau after 300 mm Hg, which appears
to represent the optimal substrate hydrolysis, in the absence of
ALI/ARDS. The negative correlation of PCEB-ACE activity
with PEEP might reflect the underlying clinical severity that
necessitates high PEEP application. It might also reflect decreased
capillary recruitment secondary to the increased thoracic pressure
and the subsequent fall of right ventricular preload. However, this
should have induced a fall in CO; the fact that CO was not related
to PEEP (rs520.244) makes this explanation less likely.

The APACHE II classification system validates disease
severity and allows estimations of patient prognosis in a
general ICU population.18 The negative correlation between
v, Amax/Km, and the APACHE II score (Figure 5) indicates the
relationship between pulmonary endothelial dysfunction and
the underlying pulmonary and extrapulmonary disease sever-
ity. How might pulmonary endothelium be related to ex-
trapulmonary disease? Endothelial dysfunction may be part
of a cytokine-induced panendothelial injury, which might
lead to multiple organ failure.26 ALI would thus be the
pulmonary manifestation of this generalized syndrome. Al-
ternatively, pulmonary endothelial metabolic alterations may
induce the presence of cytotoxic mediators in the systemic
circulation, thus promoting extrapulmonary injury.

Under normal conditions, transpulmonary hydrolysis was
independent of CO in animals5,10,11 and humans.16 Repeated
PCEB-ACE activity determinations performed in brain-dead
subjects with LIS50, at different cardiac outputs in each subject,
showed unchanged v over a wide range of CO (3.3 to 14.1
L/min), whereas Amax/Km increased linearly with flow.27 This
implies that higher pulmonary blood volumes are accommo-
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dated mainly through parallel recruitment of capillaries with
similar enzyme concentrations and tc.5,7,27 In our ALI/ARDS
patients, the apparent independence of v from CO occurs
because Amax/Km acts as a confounding factor (Figure 6). When
both enzyme parameters were included in the analysis or when
patients were divided into high and low groups, v correlated
inversely with CO, suggesting decreasing tc at higher CO. This
probably reflects vascular loss occurring from occluded or
obliterated vessels25 or metabolic alterations affecting vascular
tone.2 When all accessible capillaries are recruited, increases in
blood flow result in lower tc and consequently lower v.

The division into high and low groups, above and below
the observed Amax/Km mean, reveals 2 different profiles in the
Amax/Km versus CO relationship (Figure 6): In the high group,
higher CO is related to higher Amax/Km. This might suggest
that reserves of healthy or mildly injured vascular bed are
present and blood volume increases are accommodated, at
least in part, through capillary recruitment. In the low group,
the absence of an Amax/Km increase with higher CO suggests
that higher blood volumes should be accommodated mainly
through dysfunctional capillaries, whereas no FCSA reserves
are available to be recruited. The fact that v has a slope that
is steeper than, although not significantly different from, the
high group does not contradict the above hypothesis and
should reflect the expected greater dependence of v on tc.

The division into subgroups makes apparent significantly
different profiles in v and Amax/Km versus indices of clinical
severity such as PaO2/FIO2 and the chest roentgenogram score
(Figure 7): In the low group, higher enzyme parameters are
related to better values of both indices, confirming the relation of
PCEB-ACE activity to the clinical severity; in the high group,
the lack of a relationship might suggest that enzyme activity is
close to optimal, revealing the healthier status of these patients.

In our population, 12 of 14 survivors belong in the high
Amax/Km group; 9 among the former have no ALI (Figures 6
and 7). These healthier survivors have fewer failing organs, a
more mildly injured pulmonary vascular bed, and conse-
quently more adequate pulmonary endothelial function, indi-
cated by high Amax/Km values.

In summary, our study demonstrates that assessing pulmonary
endothelial ACE activity in ICU patients, at the bedside, by
means of indicator-dilution type techniques provides a safe,
direct, and quantifiable index of pulmonary endothelial dysfunc-
tion in ALI. PCEB-ACE activity, ie, pulmonary endothelial
function, is altered at an early stage of ALI and correlates with
the severity of both lung injury and the underlying disease. This
study provides new insights into ALI/ARDS pathophysiology.
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