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Abstract Objective: Weaning-
induced cardiogenic pulmonary
oedema is a cause of weaning failure
that is classically diagnosed by an
increase in pulmonary artery occlu-
sion pressure during a spontaneous
breathing trial. During cardiogenic
pulmonary oedema, a hypo-oncotic
fluid is filtered toward the interstitial
space. Thus, we tested whether the
changes in plasma protein concen-
tration during a weaning trial could
diagnose weaning-induced pulmonary
oedema. Design: Prospective study.
Setting: The 24-bed medical inten-
sive care unit of a university hospital.
Patients: Forty-six patients who had
failed two weaning trials. Interven-
tion: Weaning-induced pulmonary

Increase in plasma protein concentration
for diagnosing weaning-induced pulmonary

the weaning trial, pulmonary oedema
was observed in 24 patients. In these
patients, the plasma protein concentra-
tion increased by 11% (3-25%). The
plasma protein concentration did not
change significantly in patients who
did not experience weaning-induced
pulmonary oedema. An increase in
the plasma protein concentration
greater than 6% from baseline to

the end of the weaning trial allowed
detecting a weaning-induced pulmo-
nary oedema with a sensitivity of
87% and a specificity of 95%.
Conclusion: The acute changes in
plasma protein concentration during
a weaning trial represent an alternative
method to right heart catheterisation
for assessing weaning-induced pul-
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oedema was diagnosed if a respiratory
failure associated with an increase in
pulmonary artery occlusion pressure

monary oedema.
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Introduction

Failing at weaning from mechanical ventilation leads to
prolonged intubation with its inherent risks of increased
morbidity and mortality [1]. Identification of the causes of
weaning failure is important because it could enable specific
therapy and perhaps shorten the delay until extubation.
Among the causes of weaning failure, weaning-
induced cardiogenic pulmonary oedema is important to

above 18 mmHg occurred during
a third weaning trial on a T-tube.
The plasma protein concentration
was measured before and at the end
of the spontaneous breathing trial.
Measurements and results: During

anical ventilation - Pulmonary
oedema - Haemoconcentration

detect, since administration of vasodilators/diuretics may
prevent its onset and may enable prompt extubation [2].
Demonstration of weaning-induced pulmonary oedema
in a patient who is failing at a weaning trial is often
a challenge [3]. To date, right heart catheterisation remains
the reference diagnostic method, showing an increase in
the pulmonary artery occlusion pressure (PAOP) during
a weaning trial [4, 5]. Right heart catheterisation, however,
is invasive, and in the particular context of weaning,
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measuring the PAOP during respiratory failure can be very
difficult for non-experts [6]. Simpler diagnostic tools are
thus needed in this context.

Hydrostatic pulmonary oedema is accompanied by
transfer of a hypo-oncotic fluid from the pulmonary
capillaries’ lumen toward the interstitium [7—12]. When
the amount of transferred fluid is large enough [12],
hydrostatic pulmonary oedema may result in haemocon-
centration that can be detected on the basis of changes
in plasma protein or haemoglobin concentrations or
haematocrit [10-12]. We hypothesised that an abrupt
occurrence of haemoconcentration during weaning may
help to diagnose weaning-induced pulmonary oedema
as defined by intolerance to spontaneous breathing and
increase in PAOP to a value above 18 mmHg at the end of
a weaning trial.

Patients and methods

Patients

From June 2005 to January 2007, we prospectively studied
46 patients who had already failed two successive wean-
ing trials. The screening criteria for performing a weaning
trial, as well as weaning trial modalities and the definition
of weaning failure that we use in our unit, are detailed in
the ESM.

Exclusion criteria were neuromuscular disease,
tracheostomy or a contra-indication to right heart catheter-
isation. According to our practice, a pulmonary artery
catheter (CCOmboV; Edwards Lifesciences, Irvine, CA)
was inserted after the second failed weaning trial to detect
weaning-induced pulmonary oedema. A third weaning
trial was performed on the next day.

The ethics committee of the Société de Réanimation de
Langue Francaise approved the study and considered it as
part of routine practice. The requirement for informed con-
sent was waived, but all patients received written informa-
tion about the study as requested by the ethics committee.

Data collected

Before performing the third weaning trial we recorded
heart rate, systemic arterial pressure, pulmonary artery
pressure, PAOP (at end expiration), cardiac index (bolus
thermodilution), mixed venous oxygen saturation, arterial
blood gases, plasma protein and arterial haemoglobin
concentrations. Left ventricular ejection fraction was
measured by echocardiography.

A second set of measurements was performed at the
end of the trial, i. e. just before extubation in patients who
succeeded at the 60-min trial or just before reconnection to
the ventilator in the patients who could not tolerate spon-
taneous breathing. Weaning-induced pulmonary oedema

was diagnosed (1) if patients exhibited signs of weaning
failure (see above) and (2) if the PAOP at the end of the
weaning trial was > 18 mmHg [13].

The plasma protein concentration was measured
with the Modular P device (Roche Diagnostics, Basel,
Switzerland). The repeatability of plasma protein con-
centration measurements with this device is reported (by
the manufacturer) to be 0.6 +0.9%. Haemoglobin con-
centration was measured from the arterial blood sample
by means of two different devices: the IL. Synthesis25
(Instrumentation Laboratory, Lexington, MA) from June
2005 to January 2006, and the ABL 800flex (Radiometer,
Copenhagen, Denmark) from February 2006 to January
2007. The repeatability of the haemoglobin concentration
measurements with the ABL 800flex is reported (by the
manufacturer) to be 0.6 £ 1.4%.

Statistical analysis

Continuous variables were expressed as median (range).
Comparisons between before vs. end of the weaning trial
were assessed using a paired Student ¢-test. Comparisons
of variables and comparisons of weaning-trial-induced
changes in variables between patients with and patients
without weaning-induced pulmonary oedema were as-
sessed using a two-sample Student 7-test. Non-continuous
dichotomous data were compared using the X test with
Yates correction or Fisher’s exact test as appropriate. For
all variables that were found to be statistically different
between patients with and without weaning-induced pul-
monary oedema, receiver operating characteristic (ROC)
curves were generated to test their ability to diagnose
weaning-induced pulmonary oedema. The areas under
these ROC curves (£ SE) were compared using a Han-
ley—McNeil test. The positive and negative likelihood
ratios for the diagnosis of weaning-induced pulmonary
oedema were calculated. A p-value < 0.05 was considered
statistically significant. The analysis was performed
using Statview 5.0 (Abacus concepts, Berkeley, CA) and
MedCalc8.1.0.0 (Mariakerke, Belgium) software.

Results

Outcome of the weaning trial

According to our definition, we identified 24 patients
with and 22 patients without weaning-induced pulmonary
oedema (Table 1). During the weaning trial and compared
to patients without weaning-induced pulmonary oedema,
patients with weaning-induced pulmonary oedema ex-
hibited significantly larger increases in PAOP (Fig. 1),
heart rate, systolic, diastolic and mean systemic arterial
pressure, systolic, diastolic and mean pulmonary artery
pressure, respiratory rate and PaCO, (Table 2).
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Fig.1 Changes in pulmonary artery occlusion pressure (PAOP),
cardiac index, systolic arterial pressure (SAP) and plasma pro-
tein concentration observed during the weaning trial in patients

The duration of the weaning trial was 28 (5-60)
min and 45 (15-60) min in patients with and with-
out weaning-induced pulmonary oedema, respectively
(p=0.01). A significantly larger proportion of patients
with than without weaning-induced pulmonary oedema
failed at the weaning trial (100% vs. 47%). All the
patients who succeeded at the weaning trial (n =12) were
successfully extubated during the next hour. In patients
without pulmonary oedema, the weaning failure was
attributed to the severity of a chronic respiratory failure
in nine cases, to an underlying pneumonia in five cases, to
a neuromyopathy in two cases and remained unknown in
Six cases.

Weaning-induced PO No weaning-induced PO

with and without weaning-induced pulmonary oedema (PO).
* p<0.05 vs. before the weaning trial

Ability of changes in plasma protein concentration
to detect weaning-induced pulmonary oedema

During the weaning trial, plasma protein concentra-
tion did not change significantly in patients without
weaning-induced pulmonary oedema, while it increased
significantly by 11% (3-25%) in patients with weaning-
induced pulmonary oedema (Fig.1). The absolute
changes in plasma protein concentration during the
weaning trial were greater in patients with than without
weaning-induced pulmonary oedema [6 (2-13) g/l vs. 2
(0-5) g/l, respectively]. An increase in plasma protein
concentration greater than 6.0% during the weaning
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Table 1 Patients characteristics

Patients with weaning-
induced-PO (n=24)

Patients without weaning-
induced-PO (n=22)

Age, years 65 (40-78) 70 (31-82)
SAPSII at admission 40 (25-100) 42 (13-90)
Known prior coronary artery disease 6 (25) 5(23)
Known prior chronic respiratory failure 10 (42) 9 (40)
Left ventricular ejection fraction, (%) * 45 (20-60) 50 (45-60)
NYHA class 2.0 (1-3) 1.5 (1-3)
Cause of mechanical ventilation
Acute cardiogenic pulmonary oedema 0(0) 2 (6)
Pneumonia 11 (45) 12 (56)
Septic shock without pneumonia 3(11) 1(0)
Exacerbation of COPD 8 (33) 7 (38)
Other 2(11) 0(0)

PO, pulmonary oedema; COPD, chronic obstructive pulmonry disease; Values are expressed as mean
(range) or n (%); No statistically significant difference was detected between groups; * A left ventricu-
lar dysfunction was diagnosed in 18 (75%) patients with weaning-induced PO (dilated cardiomyopathy
from ischemic origin in 13 patients, from valvular origin in 2 patients, from alcoholic origin in one
patient, hypertensive cardiomyopathy with hypertrophy in 2 patients). All the 6 patients without any
patent left ventricular dysfunction at baseline had a chronic respiratory failure with chronic right car-
diac failure (right ventricular dilation and hypertrophy)

Table 2 Changes of collected variables during the weaning trial

Patients with weaning-
induced-PO (n=24)

Before the

weaning trial
Heart rate (beats/min) 93 (66-136)
Systolic arterial blood pressure (mmHg) 131 (97-185)
Diastolic arterial bbod pressure (mmHg) 60 (48-90)
Mean arterial blood pressure (mmHg) 85 (63-132)
Cardiac index (L/min/m?) 3.6 (2.1-5.6)
Systolic pulmonary artery pressure (mmHg) 43 (25-54)
Diastolic pulmonary artery pressure (mmHg) 22 (13-32)
Mean pulmonary artery pressure (mmHg) 29 (19-40)
Pulmonary artery occlusion pressure (mmHg) 13 (7-16)
Mixed venous oxygen saturation (%) 67 (58-82)
PaO; (mmHg) 90 (67-201)
PaC0; (mmHg) 40 (31-58)
Respiratory rate (breaths/min) 20 (17-28)
Plasma protein concentration (g/L) 52 (46-66)
Hemoglobin concentration (g/dL) 8.9 (6.4-12.8)

Patients without weaning-
induced-PO (n=22)

At the end Before the At the end
of weaning trial weaning trial of weaning trial
111 (82-146) * 92 (63-131) 101 (72-142) *
152 (113-245) * 140 (97-188) 165 (99-191) *
72 (52-112) * 65 (44-93) 73 (45-105) *
103 (72-155) * 98 (65-122) 101 (64-131) *
3.7 (2.0-6.0) * 3.3(2.4-1.7) 3.8(2.9-94)*
64 (40-112) * 33 (14-59)# 31 (14-69)
32 (21-59) * 17 (6-30) * 16 (6-35)
44 (27-77) * 23 (9-39) * 21 (9-46)
26 (18-50) * 10 (2-15)* 13 (4-17)*
63 (45-73) * 67 (50-79) 64 (50-78)
66 (46-118) * 91 (62-175) 73 (53-136) *
50 (35-78) * 36 (29-55) 40 (30-61) *
35 (28-60) * 21 (18-28) 30 (2044) *
59 (50-74) * 62 (44-79)% 64 (45-79)
9.6 (7.2-13.7) * 9.1(6.3-13.2) 9.8 (6.1-13.4)

PO, pulmonary oedema; * p <0.05 vs. before weaning trial; # p <0.05 vs. patients with weaning-induced pulmonary oedema

trial detected weaning-induced pulmonary oedema with
a sensitivity of 87% (95% CI 66-99%) and a specificity
of 95% (95% CI 77-99%) (Fig.2). The Youden index
was 0.85. This 6.0% increase cut-off provided a high
positive likelihood ratio value (19.25) and a negative
likelihood ratio value of 0.13. A positive likelihood
ratio > 10 and a negative likelihood ratio < 0.1 were
provided by an increase in plasma protein concentration
> 5.0 % (see ESM). The ROC curve generated for the
percentage changes in plasma protein concentration
was of significantly larger area than that generated
for any other variable found to differ between patients
with and without weaning-induced pulmonary oedema
(Table 3).

Ability of changes in haemoglobin concentration to detect
weaning-induced pulmonary oedema

During the weaning trial, haemoglobin concentra-
tion did not change significantly in patients without
weaning-induced pulmonary oedema, while it signif-
icantly increased by 10% (2-41%) in patients with
weaning-induced pulmonary oedema (Table2). The
absolute changes in haemoglobin concentration in
weaning-induced pulmonary oedema patients were not
significantly different between patients with- and without
weaning-induced pulmonary oedema. An increase of
haemoglobin concentration > 6.7% during the weaning
trial detected weaning-induced pulmonary oedema with



Table 3 Comparison of ROC curves

Changes in plasma protein concentration (% change from baseline)
Changes in hemoglobin concentration (% change from baseline)
Plasma protein concentration at baseline (g/L)

Left ventricular ejection fraction at baseline (%)

Changes in heart rate (% change from baseline)

Changes in systolic arterial pressure (% change from baseline)
Changes in diastolic arterial pressure (% change from baseline)
Changes in mean arterial pressure (% change from baseline)
Changes in respiratory rate (% change from baseline)

Changes in SvO» (% change from baseline)

Changes in PaO; (% change from baseline)

Changes in PaCO; (% change from baseline)

Areas under the ROC curves are expressed as mean &= SE
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Fig.2 Distribution of the individual weaning-induced changes in
plasma protein concentration on each side of the cut-off diagnostic
value (dashed line) in patients with and without weaning-induced
pulmonary oedema (PO)

a sensitivity of 71% (95% CI 49-87%) and a specificity
of 86% (95% CI 64-95%). The Youden index was 0.52.
A positive likelihood ratio > 10 was provided by an
increase in haemoglobin concentration > 8.8%, and a neg-
ative likelihood ratio < 0.1 was provided by an increase
in haemoglobin concentration < 1.0% (see ESM). The
ROC curve generated for the changes in haemoglobin
concentration was of significantly smaller area than that
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Area under p-value vs. area Youden
the ROC curve  under the ROC curve index
generated for changes
in plasma protein
concentration
0.933 +0.040 - 0.85
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Fig. 3 Receiver operating characteristic curves comparing the ability
of the weaning-induced changes in plasma protein concentration and
in haemoglobin concentration to establish the diagnosis of weaning-
induced pulmonary oedema

generated for the changes in plasma protein concentration
(Table 3, Fig. 3). A combined criterion (increase in plasma
protein concentration > 6.0% and increase in haemoglobin
concentration > 6.7%) displayed sensitivity of 87% and
specificity of 100% for diagnosing weaning-induced
pulmonary oedema.

However, taking into account only the 32 patients
in whom the haemoglobin concentration was measured
with the ABL 800flex device, an increase in haemoglobin
concentration > 6.5% diagnosed weaning-induced pul-
monary oedema with a sensitivity of 93% (95% CI
68-99%) and a specificity of 77% (95% CI 50-93%). In
these patients, the changes in haemoglobin and in plasma
protein concentration were correlated (r=0.70, p < 0.05)
and the area under the ROC curves generated for the
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weaning-induced changes in plasma protein concentration
and in haemoglobin concentration were not statistically
different (0.99 £ 0.01 and 0.88 &£ 0.06, respectively).

The 24 patients with weaning-induced pulmonary
oedema received treatment after the weaning trial. All
received diuretics, eight received nitrates, four received
angiotensin-converting enzyme inhibitors and two re-
ceived verapamil. Two patients eventually died under
mechanical ventilation. All others were eventually ex-
tubated 4 (1-20) days later. Between the third and the
fourth weaning trials in these patients, the fluid balance
was —5,000 (-1,000-20,000) ml. In 13 patients the fourth
weaning trial was performed while the pulmonary artery
catheter was still in place. None of these patients expe-
rienced a new episode of weaning-induced pulmonary
oedema. Indeed, in this subgroup, PAOP was 9 (6-16)
mmHg before and 14 (7-17) mmHg at the end of the
fourth weaning trial, while at the third trial PAOP had
increased from 12 (7-16) mmHg to 28 (19-35) mmHg
(p <0.01). Plasma protein concentration did not change
at the fourth weaning trial in these 13 patients [from
60 (46-70) g/l to 60 (54-64) g/l, p=0.83], while it had
increased from 56 (41-66) g/l to 60 (50-74) g/l (p =0.05)
at the third weaning trial.

Discussion

The present study demonstrates that an increase in plasma
protein concentration by more than 6% during a weaning
trial could detect the onset of weaning-induced pulmonary
oedema with sensitivity of 87% and specificity of 95%.

In our population of difficult-to-wean patients, we
identified a high proportion with weaning-induced car-
diogenic pulmonary oedema. As detailed elsewhere [14],
several mechanisms can be involved in the development
of cardiogenic pulmonary oedema during weaning from
mechanical ventilation. Increase in left ventricular af-
terload [15] and increase in venous return and cardiac
preload [5] during weaning may contribute to increasing
central blood volume. In some predisposed patients, right
ventricle enlargement may also occur, resulting in reduced
left ventricular compliance associated with increased left
ventricular filling pressure [5]. The fact that the plasma
protein concentration was lower in patients of our study
who exhibited pulmonary oedema at weaning suggests that
they were relatively more overloaded than the patients who
did not experience weaning-induced pulmonary oedema.
In addition, disconnecting the patient from the ventilator
can result in a marked increase in work of breathing and
in adrenergic state [S] and hence in myocardial oxygen
demand, with the potential risk of myocardial ischaemia in
the case of prior coronary artery disease [16—19]. Since the
classical signs of pulmonary oedema such as crackles and
foamy expectorations are usually lacking in this situation,
the confident diagnosis of weaning-induced pulmonary

oedema is based upon the assessment of an increase in
PAOP above 18 mmHg [2], as we used in the present study
as gold standard. However, the interpretation of the PAOP
trace during marked inspiratory efforts and large changes
in intrathoracic pressure could be particularly difficult
for non-expert practitioners [6]. In addition, physicians
could be reluctant to insert a pulmonary artery catheter at
the time of weaning, when invasive devices have usually
been removed. Thus, alternative non-invasive methods
are needed for identifying weaning-induced pulmonary
oedema.

The striking result of our study was that an increase in
plasma protein concentration during the weaning trial was
able adequately to identify patients with weaning-induced
pulmonary oedema. Interestingly, in 13 patients who
experienced a weaning-induced pulmonary oedema at the
third trial, the fourth weaning trial was monitored with
a pulmonary artery catheter after they had received diuret-
ics and/or vasodilators. Among these patients, who could
be considered as their own controls, none experienced
a recurrent weaning-induced pulmonary oedema and the
plasma protein concentration no longer increased during
the fourth trial. During cardiogenic pulmonary oedema,
the increase in the pulmonary capillary pressure favours
the filtration of fluid toward the alveolo-capillary barrier.
Provided that the integrity of the capillary membrane is
preserved, the fluid that egresses from the intravascular
compartment toward the interstitium is hypo-oncotic with
respect to plasma [7-12]. It has been demonstrated that
the oedema fluid has approximately one-half of the protein
content of plasma [8, 9]. Since the amount of filtered
fluid may be large, haemoconcentration should ensue, as
has been demonstrated in animals [20] and in patients
developing acute cardiogenic pulmonary oedema. Such
haemoconcentration has been shown to reverse when
patients improved with therapy [10-12]. The 11% average
increase in plasma protein concentration we observed in
our patients with weaning-induced pulmonary oedema
was in accordance with the range of plasma protein
concentration decrease (-10% to —18%) observed by
Figueiras and Weil [10, 11] during resolution of cardio-
genic pulmonary oedema. The 11% increase in plasma
protein concentration observed in our study corresponds
to the leak of 500—600 ml of plasma out of the vessels, an
amount compatible with what was previously observed
during acute pulmonary oedema [12]. As a first clinical
application of this physiological concept, Bahloul and
colleagues demonstrated the ability of an increase in
plasma protein concentration to detect acute cardiogenic
pulmonary oedema due to scorpion envenomation [21].
The present study may extend to another form of cardio-
genic pulmonary oedema the diagnostic significance of
this biological tool.

The specificity of the increase in plasma protein
concentration for diagnosing weaning-induced pulmonary
oedema was high. In fact, it is difficult to consider other



pathophysiological hypotheses than sudden hydrostatic
pulmonary oedema development to explain such abrupt
changes in plasma protein concentration: neither the
total amount of plasma protein nor the plasma volume in
which proteins are diluted may have changed over such
a short time. The sensitivity of the method was slightly
lower, since we identified four patients in whom plasma
protein concentration changed by a small amount although
weaning-induced pulmonary oedema was evidenced by
a marked weaning-induced increase in PAOP, which
ranged from 22 to 32 mmHg at the end of the weaning
trial. In three of these patients, the changes in plasma
protein concentration were close to the 6% cut-off value
but the changes in haemoglobin concentration were
higher than 6%, such that they were well classified by
the haemoglobin method. The remaining false-negative
patient had a low increase in plasma protein concentration
as well as in haemoglobin concentration, and we found no
evident reason for this diagnostic failure. We observed that
changes in plasma protein concentration performed better
than those in haemoglobin concentration for establishing
the diagnosis of weaning-induced pulmonary oedema. One
explanation could be that the device used for measuring
the haemoglobin concentration during the earlier period
of the study (in the first 14 patients) was less accurate than
the one we used later. The diagnostic value of the changes
in haemoglobin concentration improved greatly when
considering only the 32 patients who benefited from the
ABL 800flex method, and the correlation between changes
in haemoglobin and in plasma protein concentration in
this population was high. Nonetheless, when considering
the use of both changes in plasma protein and changes in
haemoglobin concentration to detect haemoconcentration,
only one false-negative and two false-positive cases were
observed.

We acknowledge several limitations of our study.
First, the diagnosis of pulmonary oedema was based upon
a high value of PAOP combined with evident respiratory
distress, as previously reported [13]. We are aware that
the diagnosis of pulmonary oedema should be based upon
assessment of the extravascular lung water rather than
on measurement of PAOP, since PAOP can be low in the
case of non-hydrostatic pulmonary oedema. Nevertheless,
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in the context of the present study, the problem was to
demonstrate the haemodynamic trigger of pulmonary
oedema during weaning (namely, the increase in left
ventricular filling pressure), and for this purpose the
measurement of PAOP seemed particularly appropriate,
although the classical cut-off of 18 mmHg [13] could
be a matter of debate. In our study, we did not measure
biomarkers of cardiac dysfunction to diagnose weaning-
induced pulmonary oedema. Nevertheless, in one previous
study the time-course of the value of B-type natriuretic
peptide (from the start to the end of a weaning trial) did not
enable accurate differentiation of patients who succeeded
from patients who failed the trial [22]. In a recent study,
N-terminal pro-brain natriuretic peptide was found to
detect weaning-induced acute cardiac dysfunction in
difficult-to-wean patients. However, in that study, the def-
inition of weaning-induced cardiac dysfunction was based
only on experts’ judgement [23]. Second, the threshold we
found for the plasma protein concentration change (6.0%)
seems low, suggesting that the diagnosis may be subject
to collection or sampling errors. However, this value is far
larger than the repeatability of the dosing device provided
by the manufacturer (0.6 & 0.9%) although, as far as we
know, no data on this repeatability have been published.
Third, the number of patients was relatively small in our
study and our results should be confirmed by further
studies. Fourth, since in patients with weaning-induced
pulmonary oedema diuretics were started immediately af-
ter the diagnosis, we could not show the disappearance of
haemoconcentration once these patients were connected
again to the ventilator. Finally, we used two different
devices for measuring the haemoglobin concentration.
Further studies should test the diagnostic accuracy of
the haemoglobin changes with the most recent device
in a larger collective. On the same lines, the diagnostic
accuracy of haematocrit, a sensitive marker of haemocon-
centration, should also be tested in further studies.

In conclusion, our study demonstrates that weaning-
induced pulmonary oedema could be detected by the
acute increase in plasma protein concentration measured
at the end of the weaning trial. This method could
represent a fairly non-invasive alternative to right heart
catheterisation in this context.
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