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Introduction

Pulmonary edema is a common finding in the critically ill.
However, it is a daily dilemma for the intensivist to de-
termine which mechanism is responsible for the extravas-
cular lung water (EVLW) increase: extravasation of fluid
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Abstract Objective: To test whether
assessing pulmonary permeability
by transpulmonary thermodilution
enables to differentiate increased
permeability pulmonary edema
(ALI/ARDS) from hydrostatic pul-
monary edema. Design: Retrospec-
tive review of cases. Serting: A 24-
bed medical intensive care unit of

a university hospital. Patients: Forty-
eight critically ill patients ventilated
for acute respiratory failure with bi-
lateral infiltrates on chest radiograph,
a Pa0,/FiO; ratio < 300 mmHg and
extravascular lung water indexed

for body weight > 12 ml/kg. Inter-
vention: We assessed pulmonary
permeability by two indexes obtained
from transpulmonary thermodilution:
extravascular lung water/pulmonary
blood volume (PVPI) and the ratio
of extravascular lung water index
over global end-diastolic volume
index. The cause of pulmonary edema
was determined a posteriori by three
experts, taking into account medical
history, clinical features, echocar-
diographic left ventricular function,
chest radiography findings, B-type
natriuretic peptide serum concen-
tration and the time-course of these

findings with therapy. Experts were
blind for pulmonary permeability
indexes and for global end-diastolic
volume. Measurements and results:
ALI/ARDS was diagnosed in 36
cases. The PVPI was 4.7 + 1.8 and
2.1 £ 0.5 in patients with ALI/ARDS
and hydrostatic pulmonary edema,
respectively (p < 0.05). The ex-
travascular lung water index/global
end-diastolic volume index ratio
was 3.0 x 102 £ 1.2 x 107 and

1.4 x 1024 0.4 x 1072 in patients
with ALI/ARDS and with hydro-
static pulmonary edema, respectively
(p < 0.05). A PVPI > 3 and an ex-
travascular lung water index/global
end-diastolic index ratio > 1.8 x 1072
allowed the diagnosis of ALI/ARDS
with a sensitivity of 85% and speci-
ficity of 100%. Conclusion: These
results suggest that indexes of pul-
monary permeability provided by
transpulmonary thermodilution may
be useful for determining the mech-
anism of pulmonary edema in the
critically ill.
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toward the interstitium due to increased hydrostatic pres-
sure into the pulmonary capillary bed, or increased per-

meability of the lung capillary membrane due to its dam-
age, as during acute lung injury (ALI) or acute respiratory
distress syndrome (ARDS). Although the usual definition
of ALI/ARDS requires ensuring that the filling pressures



of the left ventricle are not elevated [1], the use of a pul-
monary artery catheter for this purpose is questionable [2].
In this regard, determination of the pulmonary vascular
permeability index could be helpful [3, 4].

The transpulmonary thermodilution technique pro-
vides an estimation of EVLW [5, 6] and of the pulmonary
blood volume. The ratio between these two parame-
ters, called “pulmonary vascular permeability index”
(PVPD), is believed to reflect the permeability of the
alveolo—capillary barrier [6]. PVPI should be elevated
in ALI/ARDS (which simply means that the EVLW
should be high compared with the pulmonary blood
volume), while it should be normal in hydrostatic pul-
monary edema. In the present study in mechanically
ventilated patients, we tested whether PVPI was actually
greater in ALI/ARDS than in hydrostatic pulmonary
edema and whether a threshold value of PVPI could
be determined for distinguishing between these two
diagnoses. In addition, we tested the relevance of an-
other index of pulmonary permeability for this purpose.
This index, which is the simple ratio of EVLW indexed
for body weight (EVLWi) to global end-diastolic vol-
ume (GEDV) indexed for body surface (GEDVi) [7],
derives its advantage from being computed from two
variables that are directly measured by the pulmonary
thermodilution technique and displayed on any dedicated
monitor.

Patients and methods

Patients

We studied 49 mechanically ventilated critically ill pa-
tients who were already monitored by transpulmonary
thermodilution and for whom the diagnosis of pulmonary
edema was established on (1) the presence of bilateral infil-
trates on chest radiograph [8], (2) a PaO,/FiO; (P/F) ratio
<300mmHg and (3) an increase in EVLWi > 12 ml/kg.
Patients for whom there was no consensus regarding the
diagnosis were excluded from the study. The retrospective
collection of data was approved by the institutional review
board of our institution (Bicétre Hospital).

Transpulmonary thermodilution measurements

A thermistor placed into a femoral arterial catheter
measures the downstream temperature changes induced
by the injection of a cold saline solution bolus in the
superior vena cava. The monitor (PiCCOplus®, version
6.0, Pulsion Medical System, Munich, Germany) cal-
culates cardiac output from the thermodilution curve
using the Stewart—-Hamilton algorithm and also calculates
the mean transit time and the exponential downslope
time of the transpulmonary thermodilution curve. The
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product of cardiac output and mean transit time, i.e.
the distribution volume of the thermal indicator [9], is
the intrathoracic thermal volume (intrathoracic blood
volume + EVLW). The product of cardiac output and
exponential downslope time is the pulmonary thermal
volume (pulmonary blood volume + EVLW) [10].
Therefore, the GEDV is calculated as the difference
between the intrathoracic and the pulmonary thermal
volume [5, 11]. The intrathoracic blood volume is cal-
culated by multiplying the GEDV by 1.25, assuming
a constant relationship between these parameters [5]. The
EVLW value is deducted from the difference between
the intrathoracic thermal volume and the estimated in-
trathoracic blood volume. The pulmonary blood volume
is deducted from the difference between the pulmonary
thermal volume and the EVLW. The PVPI is finally
calculated as the ratio between EVLW and pulmonary
blood volume.

In the present study, GEDVi, EVLWi, cardiac in-
dex (cardiac output indexed for body surface) and
PVPI were collected at the time of the diagnosis of
pulmonary edema. We also calculated the ratio of
EVLWi to GEDVi [7]. This ratio is mathematically
related to PVPI since with the transpulmonary ther-
modilution technique, the pulmonary blood volume that
is used in calculating PVPI is simply one quarter of
GEDV (EVLWi/GEDVi=PVPI x 0.25 x body surface/
body weight).

Assessment of other variables

At the time of diagnosis, echocardiography had been per-
formed in all patients to measure the left ventricular ejec-
tion fraction. A chest radiology score had been calculated
by dividing each lung into two parts horizontally. The den-
sity of pulmonary infiltrate was proportionally scored from
1 to 3 in each part. The total score thus ranges from O to
12 [12]. The B-type natriuretic peptide serum concentra-
tion had been measured during the preceding hour in all
but eight patients.

Diagnosis of the pulmonary edema mechanism

Three experts (two cardiologists and one lung special-
ist, all practitioners in intensive care), retrospectively
determined the mechanism of pulmonary edema (i.e.
hydrostatic or due to increased pulmonary microvascular
permeability). For this purpose, they particularly took
into account patient’s past and present history, clinical
presentation, chest radiograph, echocardiography features,
cardiac index, EVLWi and serum concentration of B-type
natriuretic peptide (when available) at the time when
pulmonary edema was present. They also paid particular
attention to the time course of all the preceding findings
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under therapy. Importantly, the experts were blind for
PVPI, GEDVi and the EVLWi/GEDVi ratio.

Statistical analysis

The variables with a normal distribution (Kolmogorov—
Smirnov test for normality) were expressed as mean
value & SD. The B-type natriuretic peptide serum con-
centration and the norepinephrine dosage were not
normally distributed and were expressed as median values
[25-75 interquartile range]. The comparison between
patients with hydrostatic pulmonary edema and patients
with ALI/ARDS was performed using a two-tailed Stu-
dent t-test for the normally distributed variables and
a Mann—Whitney U-test for the B-type natriuretic pep-
tide concentration and the norepinephrine dosage. The
mortality rate and the number of patients receiving nore-
pinephrine were compared by a chi-square test. Receiver
operating characteristic (ROC) curves were generated
for PVPI, the EVLWi/GEDVi ratio and GEDVi, varying
the discriminating threshold of each parameter. The area
under the ROC curve (£ SE) for each parameter was
calculated and compared using a Hanley—McNeil test. The
reproducibility of the PVPI measurement over a short time
period was assessed in 10 patients after completion of the
study. In these patients, hemodynamic monitoring required
successive thermodilution measurements over a period of
15 min. The reproducibility between successive sets of
PVPI measurements was expressed as the mean difference
between measurements £ SD and as the mean percentage
error (mean difference between measurements divided by
the average of measurements). The repeatability of the
PVPI measurement was expressed as 1.96 times the SD of
the differences between repeated measurements. Statisti-

Table1 Characteristics of the
patients depending on the
mechanism established for
explaining pulmonary edema Age (years)
Sepsis (n)

Tidal volume (ml/kg)
PEEP (cmH20)

LV ejection fraction (%)

Cardiac index (/m?)

Patients receiving norepinephrine (n (%))
Norepinephrine dosage (jug/kg/min)

BNP (pg/ml)
EVLWi (ml/kg)
PaO2/Fi02 (mmHg)
GEDVi (ml/m?)
PVPI

cal analysis was performed by means of the Statview 5.0
software (Abacus Concepts, Berkeley, CA) for all tests
except the Hanley—McNeil test, which was performed with
the MedCalc 8.1.0.0 software (Mariakerke, Belgium).
A p value < 0.05 was considered statistically significant.

Results

Patients characteristics

Forty-nine patients were studied. For one patient, no
consensus was achieved to discriminate between both
mechanisms of pulmonary edema, and this patient was
excluded from the further analysis. Considering the whole
population of the remaining patients (30 men and 18
women, 57 & 16 years of age), the chest radiograph score
was 9 +3 and EVLWi was 22 + 9 ml/kg. At the time of
pulmonary edema occurrence, the presence of pneumo-
nia was identified in 36 patients. A catecholamine was
administered in 27 patients (norepinephrine in all cases).
Six patients suffered from a non-pulmonary infection
with septic shock. Two patients had an intra-alveolar
hemorrhage. Pulmonary edema developed after drowning
in one patient, during a trial of weaning from mechanical
ventilation in one patient and in the context of myocarditis
in the remaining patient.

Diagnosis of the mechanism of pulmonary edema

The experts attributed pulmonary edema to a hydrostatic
mechanism in 12 patients and to a non-hydrostatic mecha-
nism in 36 patients.

ALI/ARDS Hydrostatic pulmonary edema
(n = 36) n=12)
57+16 60+ 15
33 8

6.0+0.4 7.2+0.7*
10+4 6+ 1%
51+8 42 4+ 8*

37+1.0 42+09
22 (61) 5 (42%)

1.0 [0.2-1.6] 1.1 [0.3-1.8]

307 [122-514] 1390 [554-3054]
2249 16 £4*

118 £ 56 173 +£71%*

778 £275 1177 £307*

47+1.8 2.1+0.5*

Values are mean =+ SD, except for BNP and the norepinephrine dosage, expressed as median [25-75
interquartile range]; *p <0.05 from ALI/ARDS; PEEP, positive end-expiratory pressure; LV, left ven-
tricular; BNP, B-type natriuretic peptide; EVLWi, extravascular lung water indexed for body weight;
GEDVij, global end-diastolic volume indexed for body surface; PVPI, pulmonary vascular permeability

index
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Fig.1 Individual values (open circles) and mean =+ SD (closed cir-
cle) of the pulmonary vascular permeability index (PVPI) and of
the global end-diastolic volume indexed for body surface in patients
with hydrostatic pulmonary edema and ALI/ARDS. *p <0.05 vs. pa-
tients with ALI/ARDS

The patients’ characteristics are summarized in
Table 1, according to the causal diagnosis. Compared
with the patients with hydrostatic pulmonary edema, the
patients with ALI/ARDS exhibited significantly higher
left ventricular ejection fraction and EVLWi, and sig-
nificantly lower GEDVi and P/F ratio. In patients with
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Fig.2 Receiver operating comparison curves comparing the ability
of the pulmonary vascular permeability index (PVPI) and the global
end-diastolic volume indexed for body surface (GEDVI) to establish
the diagnosis of ALI/ARDS
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ALI/ARDS, compared with patients with hydrostatic
pulmonary edema, the level of the positive end-expiratory
pressure was significantly higher and the tidal volume was
significantly lower. The cardiac index was not statistically
different between groups.

Pulmonary permeability indexes

The difference between successive measurements of
PVPI was —0.02 £ 0.09 and the mean percentage error
was —0.72 £4.23%. The repeatability of the PVPI was
0.25+0.17.

The PVPI was 4.7 4 1.8 in patients with ALI/ARDS
and 2.1 +£0.5 in patients with hydrostatic pulmonary
edema (p <0.05). In ALI/ARDS patients, PVPI was
moderately although significantly correlated with the P/F
ratio (r=0.42). A PVPI value > 3 allowed the diagnosis
of ALI/ARDS to be established with sensitivity of 85%
and specificity of 100%, i.e. only 5 out of 36 patients were
misclassified since they had a PVPI value <3 (Fig. 1).
The five false-negative patients were characterized by
a higher chest radiology score than the true-positive
patients (12 =4 vs. § £ 4).

The EVLWi/GEDVi ratio was 3.0 x 1072 & 1.2 x 107
in patients with ALI/ARDS and 1.4 x 1072 £ 0.4 x 1072
in patients with hydrostatic pulmonary edema (p < 0.05).
An EVLWi/GEDVi ratio > 1.8 x 102 allowed establish-
ing the diagnosis of ALI/ARDS with a sensitivity of 85%
and specificity of 100%.

The areas under the ROC curve established for PVPI
(0.92 +0.04) as well as the ROC curve established for
the EVLWi/GEDVi ratio (0.92 + 0.04) were significantly
greater than the area under the ROC curve established
for GEDVi (0.84 £0.08), i.e. the other variable that
exhibited a significant difference between ALI/ARDS
and hydrostatic pulmonary edema patients and that was
unknown for the experts (Fig. 2).

The mortality rate was significantly higher in
ALI/ARDS patients than in patients with hydrostatic
pulmonary edema (56% vs. 33%). Considering the whole
population, PVPI was significantly higher in patients who
died (4.6 £+2.1) than in survivors (3.5 £ 1.5). Similar
findings were observed for the EVLWi/GEDVi ratio.

Discussion

This study demonstrates that in mechanically venti-
lated patients with pulmonary edema, PVPI assessed by
transpulmonary thermodilution was greater in ALI/ARDS
than in hydrostatic pulmonary edema, confirming its clini-
cal relevance. Additionally, PVPI was able to discriminate
between hydrostatic pulmonary edema and ALI/ARDS
with acceptable accuracy. The same conclusions could be
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drawn if the EVLWi/GEDVi ratio was used for assessing
pulmonary permeability.

Discriminating between hydrostatic pulmonary edema
and ALI/ARDS is an important issue, since the appropri-
ate therapy differs. The differential diagnosis is based on
the assessment of the left atrial pressure, assumed to be
normal in ALI/ARDS [1, 13]. However, this hemodynamic
definition of ALI/ARDS is questionable [3]. First, the
measurement of the pulmonary artery occlusion pressure,
which is a reflection of left atrial pressure, is prone to
numerous pitfalls [2] and is often misinterpreted [14, 15,
16]. Second, the pulmonary artery occlusion pressure
may not reflect the hydrostatic pressure at the site of lung
filtration (pulmonary microvessels) [17, 18]. Third, left
ventricular preload can be elevated in ALI/ARDS, in
particular in patients who have been already volume
resuscitated and/or have some degree of cardiac failure,
preexisting or related to sepsis. In this regard, the pul-
monary artery occlusion pressure was recently found to be
elevated in 30% of ARDS patients during the time-course
of their disease [19]. Thus, the definition of ALI/ARDS
should include the functional feature of lung injury, i.e. an
increased pulmonary microvascular permeability [4, 13],
and there is a need for a bedside measurement of this key
parameter [3].

The transpulmonary thermodilution technique is
a bedside method for assessing the distribution of fluids
toward the intrathoracic compartment [5]. Particularly,
by estimating EVLW and pulmonary blood volume, i.e.
two well-defined intrathoracic volumes, and by simply
calculating their ratio, the single indicator dilution method
provides a bedside estimation of the pulmonary vascular
permeability [6]. In a study in dogs, Katzenelson et al.
found that PVPI was higher in increased permeability than
in hydrostatic pulmonary edema, although no cut-off value
was provided for distinguishing the two mechanisms [6].
Our study deals with the clinical setting, where the
differential diagnosis between increased permeability and
hydrostatic pulmonary edema may be difficult. In partic-
ular, PVPI may help to detect an increased pulmonary
permeability even in patients with a high left ventricular
filling pressure, i.e. patients with a pulmonary edema of
“mixed” origin. Identifying such patients is difficult in the
real world at the time when pulmonary edema occurs, but
it was possible in our study, because the case analysis was
retrospective and took into account not only the individual
data but also their evolution during therapy.

Groeneveld and Verheij recently demonstrated that an
index of pulmonary permeability assessed by the thermal-
dye transpulmonary dilution technique was imperfect for
measuring protein permeability in patients with sepsis-
induced ALI/ARDS [7]. This suggests that such an index
could be helpful for differentiating hydrostatic pulmonary
edema and ALI/ARDS, i.e. two conditions with very
different pulmonary permeability, but that it could be less

accurate in distinguishing high from very high increased
permeability in ALI/ARDS. In fact, in the latter condition,
the inability of the thermal indicator to access pulmonary
zones with severe lung insult [20, 21] could decrease the
reliability of the technique. In this regard, the PVPI exhib-
ited higher specificity than sensitivity for establishing the
causal diagnosis of pulmonary edema in our study. In the
false-negative cases of our study, EVLW and PVPI may
have been underestimated due to difficult dilution of the
thermal indicator towards the high-density condensed ar-
eas of the ARDS lung [20, 21]. In this regard, a higher
chest radiology score was observed in the false-negative
cases than in the true-positive ones.

In contrast to thermal-dye dilution, the transpulmonary
thermodilution system does not directly measure the in-
trathoracic blood volume — and thus the pulmonary blood
volume — but calculates it from GEDV. The present study
logically confirms that, when the single thermodilution is
used, the EVLWi/GEDVi ratio could be considered instead
of PVPI for determining the mechanism of pulmonary
edema. Since the EVLWi and the GEDVi are directly mea-
sured and displayed on the dedicated monitor, pulmonary
permeability can be assessed at the bedside by simply
dividing those two variables.

Our study has some limitations. First, the mechanism
of pulmonary edema was defined by experts, but this does
not exclude some degree of arbitrariness. However, we
selected only the cases where a total agreement between
experts was obtained. Second, the number of patients of
the study was small and these results require confirmation.
In particular, many patients suffered from pneumonia,
a condition known to influence the thermodilution tech-
nique, and our results should be confirmed in a larger
and general population. By taking an EVLWi > 12 ml/kg
for inclusion, we specifically addressed the problem of
severe pulmonary edema but we excluded an unknown
number of patients with less severe pulmonary edema,
particularly in patients with hydrostatic pulmonary edema.
Considering a lower EVLW benchmark for inclusion
could have lowered the diagnostic cut-off value of pul-
monary permeability indexes. Third, we used the single
indicator dilution technique for assessing pulmonary
blood volume and EVLW. Using the thermal-dye dilution
could have changed our findings. Finally, higher positive
end-expiratory pressure in ALI/ARDS patients could
have reduced the GEDV without altering the EVLW
by the same proportion. This could have theoretically
lowered PVPI and the EVLWi/GEDVi ratio values in
ALI/ARDS patients compared with patients with hydro-
static pulmonary edema independently from differences in
pulmonary permeability.

In conclusion, this study demonstrates that pulmonary
permeability indexes obtained by transpulmonary ther-
modilution can be helpful for distinguishing between
hydrostatic pulmonary edema and ALI/ARDS.
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