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14.1  Introduction

Pulmonary edema is one of the most common 
problems among critically ill patients with a pro-
found effect on patient outcomes [1, 2]. Several 
publications have reported mortality reaching up to 
approximately 12% for cardiogenic [3] and 30% 
for non-cardiogenic pulmonary edema [1]. Thus, a 
better understanding and detailed evaluation of pul-
monary edema is crucial for critical care manage-
ment, especially fluid therapy. In this chapter, we 
will review the pathophysiology of pulmonary 
edema and the problems associated with it in clini-

cal practice and describe several merits of evaluat-
ing pulmonary edema quantitatively using 
transpulmonary thermodilution- derived variables.

14.2  What Is Pulmonary Edema?

A pair of human lungs contain about 700 million 
alveoli [4]. Although alveoli are microscopically 
small, their overall superficial area is approxi-
mately 100 m2. Each alveolus consists of an epi-
thelial layer, interstitium, and capillaries. The 
gaseous exchange of oxygen and carbon dioxide 
occurs between the inhaled air and the blood-
stream in normal lungs (Fig.  14.1). The space 
outside the capillaries is known as the extravas-
cular lung space with the fluid inside known as 
the extravascular lung water (EVLW).
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Pulmonary edema is the accumulation of 
excess EVLW in the lungs [4] which impairs 
respiratory gas exchange, resulting in respiratory 
distress (Fig. 14.2) [5]. This pathological condi-
tion of the edema develops mainly by two mecha-
nisms, an increase in the pulmonary capillary 
hydrostatic pressure (hydrostatic or cardiogenic 
pulmonary edema) and an increase in pulmonary 
capillary permeability (acute respiratory distress 
syndrome (ARDS)) [2]. An increase in the pul-

monary capillary hydrostatic pressure is the main 
precursor of cardiogenic pulmonary edema. The 
elevated vascular pressure is usually accompa-
nied by an increase in blood volume in the pul-
monary vessels (e.g., fluid overload, untreated 
renal failure, or congestive heart failure). 
However, leaky lungs secondary to inflammatory 
mediators result in an increase in pulmonary cap-
illary permeability, which is a representative type 
of non-cardiogenic pulmonary edema, including 
ARDS.

14.3  Evaluation of Pulmonary 
Edema

The question that arises is how can we evaluate 
the degree of pulmonary edema (i.e., EVLW 
amount) and differentiate cardiogenic from non- 
cardiogenic pulmonary edema in clinical 
practice?

The severity of pulmonary edema is evaluated 
by subjective methods (e.g., patient history, the 
presence of rales during physical examination, 
and chest X-ray findings) [2]. However, the inter-
pretation of these methods is often limited due to 
subjectivity causing interobserver error, even 
among experts [6]. Several studies suggested 
only a moderate correlation between chest radio-
graphic findings and EVLW amount [7, 8].

In addition, it is clinically difficult to discrimi-
nate between the edema caused by increased 
hydrostatic pressure in the course of cardiac dis-
ease, or by increased permeability associated 
with ARDS [2]. The latest Berlin definition of 
ARDS [9] basically consists of four main compo-
nents: (1) acute onset, (2) chest radiography find-
ings, (3) arterial blood gas results (PaO2/FiO2 
ratio), and (4) the absence of cardiogenic pulmo-
nary edema. Thus, the presence of cardiogenic 
pulmonary edema while diagnosing ARDS 
should be ruled out. The Berlin definition [10] 
panel agreed, in their conceptual model, of ARDS 
being a type of acute, diffuse, inflammatory lung 
injury leading to an increased pulmonary vascu-
lar permeability, increased lung weight, and loss 
of aerated lung tissue. Despite being the  hallmarks 
of ARDS, none of the suggested criteria evalu-
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Fig. 14.1 The lungs with normal extravascular lung 
water amount. The lungs consist of alveoli, interstitium, 
and capillaries. The gaseous exchange of oxygen and car-
bon dioxide occurs without delay between inhaled air and 
the bloodstream
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Fig. 14.2 The lungs in pulmonary edema with increased 
extravascular lung water amount. Pulmonary edema is 
accumulation of excess EVLW in the lungs. This EVLW 
accumulation impairs respiratory gas exchange, resulting 
in respiratory distress
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ated the increase in pulmonary vascular permea-
bility and increased EVLW.

In a supplemental publication of the Berlin 
definition [10], expert panels (the ARDS 
Definition Task Force) presented typical exam-
ples of 12 chest radiographs, categorized into 
three groups, namely, consistent with, inconsis-
tent with, and equivocal for ARDS. However, the 
interpretation of chest radiography is complicated 
and lacks objectivity. Sjoding et  al. [8] recently 
reported clinicians showing only moderate 
interobserver agreement when diagnosing ARDS 
in patients with hypoxic respiratory failure under 
the Berlin criteria. The results were driven primar-
ily by the low reliability of the interpretation of 
chest images [8]. This conclusion was supported 
by a recent multicenter prospective study of the 
inter-rater agreement, where 286 intensivists 
independently reviewed the same 12 chest radio-
graphs developed by the panels, pre- and post-
training. In the study, when the Berlin radiographic 
definition was used, radiographic diagnostic accu-
racy and inter-rater agreement were found to be 
poor and were not significantly improved by the 
training set of chest radiographs developed by the 
ARDS Definition Task Force [7].

Therefore, without any objective methods, the 
precise investigation of pulmonary edema regard-
ing its existence, severity, and the nature of the dis-
ease (cardiogenic versus non-cardiogenic) is 
difficult.

14.4  Transpulmonary 
Thermodilution-Derived 
Extravascular Lung Water 
and Pulmonary Vascular 
Permeability

The last two decades have witnessed the evolu-
tion of the transpulmonary thermodilution tech-
nique for measuring EVLW and pulmonary 
vascular permeability index (PVPI). The details 
of the transpulmonary thermodilution technique 
were described elsewhere (Chap. 7).

The transpulmonary thermodilution-derived 
variables EVLW and PVPI are sensitive, specific, 
and conceptual markers for evaluating pulmo-

nary edema [11–18]. The accuracy of the EVLW 
measurement was first validated against the gold 
standard gravimetric measurement in animal 
models [19]. The thermodilution measurement of 
EVLW values showed high accuracy in the nor-
mal lungs, cardiogenic pulmonary edema, and 
ARDS models. In a human autopsy study, a defi-
nite correlation was observed between EVLW 
and post-mortem lung weight from a wide range 
of normal and injured lungs [11]. More recently, 
Venkateswaran et al. [20] reported a close corre-
lation of the EVLW with gravimetric measure-
ments of lung water in human brain-dead donors. 
The most reliable pathophysiological feature of 
ARDS is the development of diffuse alveolar 
damage (DAD) with increased permeability [4], 
which results in the accumulation of water in the 
lungs, and designated as EVLW.  We validated 
this relationship between EVLW and DAD in a 
pathological study using nationwide autopsy 
database [16].

Several studies suggest a normal EVLW value 
of 7 mL/kg and not exceeding 10 mL/kg (indexed 
by predicted body weight). Our clinical- 
pathological study showed the mean EVLW val-
ues of approximately 7.3 ± 2.8 mL/kg to be the 
normal reference range for humans [11]. This 
value was supported by Eichhorn et al. in a meta- 
analysis of clinical studies where they found a 
mean EVLW of 7.3  mL/kg (95% confidence 
interval, 6.8–7.6) in patients undergoing elective 
surgery, without pulmonary edema [21]. More 
recently, Wolf et al. [22] obtained a similar result 
(8 mL/kg, interquartile range of 7–9) in 101 elec-
tive brain tumor surgery patients.

In addition, Japanese nationwide autopsy data 
(n = 1688) indicated that an EVLW of >9.8 mL/kg 
represented the optimal discrimination threshold for 
a diagnosis of pulmonary edema from the normal 

Practical Advice
The normal reference range of extravascu-
lar lung water index for human is approxi-
mately 7 ± 3 mL/kg.
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lungs, and an EVLW level of 14.6 mL/kg represents 
a 99% positive predictive value [16]. Several experts 
have proposed the inclusion of EVLW >10 mL/kg 
as an ideal criterion in a future definition of ARDS 
[23, 24]. According to pathological [16] and clinical 
[25] studies, EVLW values above 10 mL/kg repre-
sent higher-than-normal EVLW, and 15 mL/kg is 
the cutoff for severe pulmonary edema. By assess-
ing EVLW, we can objectively evaluate the initial 
severity of pulmonary edema and subsequent 
changes quantitatively, thereby monitoring the 
ongoing therapeutic strategy.

PVPI allows the distinction between the pul-
monary edemas [19, 26] and can be calculated 
from the relationship between EVLW and pul-
monary blood volume (Fig. 14.3). If the EVLW is 
elevated without a corresponding increase in 
PVPI, the patient has cardiogenic pulmonary 
edema. However, an increase in EVLW along 
with an increase in PVPI corresponds to the 
patient having permeability pulmonary edema. 
Previous studies indicated the use of PVPI to dif-
ferentiate cardiogenic and non-cardiogenic 
(ARDS) pulmonary edema [27, 28]. PVPI, along 
with EVLW, correlates with the level of a bio-
logical mediator which is related to the increased 
pulmonary vascular permeability and the accu-
mulation of lung water [13, 29].

Monnet et al. [28] first showed the differentia-
tion of hydrostatic pulmonary edema from per-
meability pulmonary edema, with a cutoff PVPI 

Practical Advice
Extravascular lung water index of >10 mL/kg 
is a reasonable criterion for pulmonary edema 
and >15 mL/kg for a high degree of severity.
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Fig. 14.3 Pulmonary vascular permeability index 
(PVPI). PVPI is calculated as the ratio of extravascular 
lung water (EVLW) and pulmonary blood volume. For 
example, if the EVLW is elevated without a correspond-

ing increase in PVPI, the patient has cardiogenic, pulmo-
nary edema. In contrast, an increase in EVLW along with 
an increase in PVPI means that the patient has ARDS
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value of 3. A large-scale, prospective multicenter 
study from Japan found almost the same results, 
with a PVPI cutoff value between 2.6 and 2.85 
(specificity, 0.90 and 0.95, respectively) provid-
ing a definitive diagnosis of ARDS, and a value 
of <1.7 (specificity, 0.95) ruled out an ARDS 
diagnosis [27]. Another study evaluating patients 
with either normal cardiac function or chronic 
cardiac dysfunction found a PVPI of <3  in all 
studied patients [30]. Collectively, PVPI <2 may 
represent normal pulmonary permeability, and 
PVPI >3 indicates high permeability of the lungs.

Several clinical studies conducted with ARDS 
patients suggest the correlation of both EVLW 
and PVPI with the disease severity [31] and risk 
factors of mortality [15, 32]. The landmark study 

by Sakka et al. [31] showed the degree of initial 
EVLW on admission to the intensive care unit 
correlated with mortality, with a significant cut-
off point of 14 mL/kg. The relationship between 
EVLW and prognosis was also clearly demon-
strated in a systematic review of literature [32] 
and a recent large-scale study [15]. The results of 
our multicenter study suggested the decrease in 
EVLW during the first 48  h associated with a 
28-day survival in ARDS [33]. Therefore, the ini-
tial absolute value of EVLW is useful for the 
diagnosis of ARDS, along with the subsequent 
changes in clinical practice [33].

14.5  Diagnostic Framework 
for Pulmonary Edema Using 
Extravascular Lung Water 
and Pulmonary Vascular 
Permeability Index

Accurate and objective diagnoses can be made 
for pulmonary edema using the following diag-
nostic framework by EVLW and PVPI (Fig. 14.4) 
[24]. For diagnosing the existence of pulmonary 

Practical Advice
Pulmonary vascular permeability index >3 
suggests increased vascular permeability. 
Pulmonary vascular permeability index <2 
can rule out high vascular permeability.
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Fig. 14.4 Diagnostic framework for pulmonary edema. 
Pulmonary edema: extravascular lung water (EVLW) 
>10  mL/kg. Cardiogenic pulmonary edema: EVLW 
>10  mL/kg and pulmonary vascular permeability index 
(PVPI) <2.0. ARDS: EVLW >10 mL/kg and PVPI >3.0. 

Combined pulmonary edema (e.g., cardiogenic pulmo-
nary edema, reduced cardiac function or fluid overload, 
and permeability lung injury secondary to the generation 
of inflammatory mediators): EVLW >10 mL/kg and PVPI 
of 2.0–3.0. (Reproduced from [24] with permission)
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edema, EVLW >10  mL/kg may be reasonable. 
EVLW >15  mL/kg indicates severe pulmonary 
edema. After quantitative diagnosis as pulmonary 
edema by EVLW >10  mL/kg, PVPI should be 
examined. PVPI <2 represents normal pulmo-
nary permeability, suggesting cardiogenic pul-
monary edema. PVPI >3 (with EVLW >10  mL/
kg) represents permeability pulmonary edema or 
ARDS. PVPI >3 and EVLW >15 suggest severe 
ARDS. Even though the initial EVLW and PVPI 
are high and indicate a high probability of mor-
tality, with the improvement in values over time 
(especially during the first 48  h), there may be 
hope for a better outcome.

14.6  Conclusions

The transpulmonary thermodilution-derived vari-
ables EVLW and PVPI can quantitatively express 
its existence, severity, and the nature of pulmo-
nary edema at the bedside. The accuracy is vali-
dated compared to the gold standard method, and 
the precision is clinically acceptable. EVLW 
>10 mL/kg is a reasonable criterion for inferring 
the existence of pulmonary edema and EVLW 
>15 mL/kg for a severe condition. PVPI <2 may 
represent normal pulmonary permeability, and 
PVPI >3 suggests leaky lungs. EVLW and PVPI 
may be better alternatives to define management 
algorithms for pulmonary edema patients.
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