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Abstract Purpose: In critically ill
adults, a reduction in the extravascu-
lar lung water index (EVLW1)
decreases time on mechanical venti-
lation and improves survival. The
purpose of this study is to assess the
prognostic value of EVLWi in criti-
cally ill children with acute
respiratory failure and investigate its
relationships with PaO,, PaO,/FiO,
ratio, A-aDO,, oxygenation index
(OI), mean airway pressure, cardiac
index, pulmonary permeability, and
percent fluid overload.

Methods: Twenty-seven children
admitted to PICU with acute respira-
tory failure received volumetric
hemodynamic and blood gas moni-
toring following initial stabilization
and every 4 h thereafter, until dis-
charge from PICU or death. All
patients are grouped in two catego-
ries: nonsurvivors and survivors.
Results:  Children with a fatal

Introduction

Extravascular lung water index (EVLWi) reflects the
amount of fluid in the interstitium and in the alveolar
space; a value greater than 12 ml/kg indicates a clinical
picture of pulmonary edema [1]. The accepted normal
volume of EVLWi is <10 ml/kg [2, 3]. In critically ill

outcome had higher values of EVLWi
on admission to PICU, as well as
higher A-aDO, and OI, and lower
PaO, and PaO,/FIO, ratio. After 24 h
EVLWi decreased significantly only
in survivors. As a survival indicator,
EVLWi has good sensitivity and good
specificity. Changes in EVLWi, Ol,
and mean airway pressure had a time-
dependent influence on survival that
proved significant according to the
Cox test. Survivors spent fewer hours
on mechanical ventilation. We
detected a correlation of EVLWi with
percent fluid overload and pulmonary
permeability. Conclusions: Like Ol
and mean airway pressure, EVLWi
on admission to PICU is predictive of
survival and of time needed on
mechanical ventilation.

Keywords Pulmonary edema -
Thermodilution - Index of
oxygen exchange - Children -
Pulmonary permeability

children, EVLWi can increase as the result of both
changes in pulmonary permeability and generalized fluid

and electrolyte imbalance [4].

In adults increased EVLWi is accompanied by
reduced survival [5-7]. There is evidence that restriction
of fluid intake and maintenance of adequate urine output
can improve pulmonary function and shorten the time on
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mechanical ventilation, with reduction of PICU time.
However, no effect was shown on mortality at 60 days
[8]. According to other authors [9], a negative fluid bal-
ance at day 4 of acute lung injury is indeed associated
with significantly lower mortality.

Consequently every effort is made to prevent pul-
monary edema by bringing EVLWi back to normal [10,
11]. Pulmonary edema is commonly monitored with chest
X-rays and in terms of pulmonary artery occlusion pres-
sure via a pulmonary artery catheter (PAC). Both methods
have proved unreliable in the detection of pulmonary
edema [12, 13]. In particular modulating therapy based on
artery occlusion pressures assessed with PAC has proved
inadequate to improve survival or organ function [14].
EVLWi can be directly assessed using thermo-dye dilu-
tion [5, 6], but it is a cumbersome technique to use
routinely.

At present, routine single indicator EVLWi calculation
can be done more easily with the thermodilution method.
EVLWi measurements thus obtained are comparable with
the thermo-dye dilution technique and with the gravi-
metric method, the latter being considered the gold
standard for EVLWi assessment [15].The thermodilution
method for hemodynamic monitoring is particularly
appealing for use in pediatrics, as it avoids pulmonary
artery catheterization, which carries a significant risk [16].
It must be said that thermodilution also has its drawbacks.
Because the thermistor is in the femoral artery, the vol-
ume of the aorta adds up to the one of the cardiac
chambers, and global end diastolic volume (GEDV) may
be overestimated [17]. Mechanical ventilation can affect
GEDV, although only when high positive end expiratory
pressure exceeds 15 cm of H,O [18].

Thermodilution can also measure GEDV (used as
preload index), stroke volume, systemic vascular resis-
tances (SVR), and pulmonary permeability, opening new
diagnostic and therapeutic perspectives [1, 19, 20].
Michard [21] has recently reported in adults that mea-
surement of EVLWi helps to quantify pulmonary edema
and hence to guide therapy. In adults, Phillips and col-
leagues [22] consider EVLWi a valid prognostic indicator
of acute respiratory distress syndrome associated with
sepsis.

Reliable prognostic indicators are important in the
management of critically ill children requiring mechani-
cal ventilation. Various indexes of oxygen exchange are
used to guide mechanical ventilatory support [23] and are
used also as prognostic indicators, although their reli-
ability is not universally accepted [24]. At present there
are no studies on EVLWi as prognostic indicator in
pediatrics.

The aim of this pilot study on a relatively small
pediatric cohort is to explore correlations between
EVLWi and prognosis in children on mechanical venti-
lation for non-cardiac acute respiratory failure. To this
end, we have compared EVLWi with the prognostic

indexes presently used in pediatrics. Based on the
hypothesis that EVLWi correlates with pulmonary per-
meability, fluid overload, and cardiac index, if a
correlation can be demonstrated, a further achievement
might be the clarification of which of the factors is more
relevant in causing pulmonary edema in critically ill
children with acute respiratory failure.

Methods

Twenty-seven children in acute respiratory failure [25]
were enrolled in the study over 24 months. Informed
consent was obtained from both parents of each child. The
protocol conforms to the guidelines of the Declaration of
Helsinki and was approved by the ethical committee of
the involved institution [26]. Children with congenital
heart diseases or intracardiac shunts, and children with an
abnormal coagulation profile contraindicating femoral
catheterization were excluded.

Pediatric risk of mortality (PRISM) score [27] was
assessed for each child on admission to PICU. Monitoring
of volumetric and ventilatory parameters and indexes of
oxygen exchange were started as soon as the children were
stabilized and mechanical ventilatory support started (see
the electronic supplementary material). Regular measure-
ments were performed every 4 h, and additional readings
were obtained whenever hemodynamics appeared to wor-
sen. Each volumetric measurement is expressed as the
mean value of three consecutive readings. The monitoring
ended when the child was weaned from the ventilator or
died.

Hemodynamic volumetric monitoring (see the elec-
tronic supplementary material) was done with a
commercially available device (PiCCO®; Pulsion Medical
System, Munich, Germany) [22]. Measurements included
cardiac output (CO, I/min) [28], GEDV (ml) [29, 30],
EVLW (ml) [1], pulmonary blood volume (PBV, ml) [11],
pulmonary permeability as EVLW/PBV ratio [1], and
systemic vascular resistance (SVR, dynscm™>). All
parameters were indexed for body surface area (BSA)
(CI = CO/BSA, GEDVi = GEDV/BSA, PBVi = PBV/
BSA, SVRi = SVR/BSA) or body weight (EVLWi =
EVLW/body weight). Indexes of oxygen exchange include
partial pressure of oxygen (PaO,), PaO,/FiO, ratio
(P/F ratio), alveolar arterial oxygen gradient (A-aDO,),
and oxygenation index (OI) [30, 31] (see the electronic
supplementary material). Patients were grouped as non-
survivors and survivors to assess the relationship of
survival with EVL W], pediatric PRISMA score, MAP, and
indexes of oxygen exchange and to evaluate intra- and
intergroup variations. For each patient we also calculated
the percent fluid overload (FO%) using the formula:
%FA = (total fluid intake — total fluid output) [1]/body
weight [kg] x 100.
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According to Oland et al. [32], body weights were
derived from the clinic charts or obtained from relatives.
We entered the lowest weight registered during the month
prior to admission. We studied the correlation of EVLWi
with FO%, EVLWi/PBVi ratio, and CI.

Data analysis

For statistical analysis we relied on JUMP® 8.0.1 program
for Mac by SAS Institute. For all variables the approxi-
mation to normal of the distribution of the population was
tested by Kolmogorov-Smirnov one-sample test, and sta-
tistics for kurtosis and symmetry were assessed. As results
were asymmetrically distributed, nonparametric tests were
used. Data are expressed as mean =+ standard deviation.

We used the Kruskal-Wallis nonparametric one-way
analysis of variance to examine the changes in EVLWi in
both groups on admission, at 24 and 36 h, and at the end
of observation. The null hypothesis was that the groups of
the study all came from the same distribution. When the
Kruskal-Wallis test was significant, we used the Wilcoxon
test to compare the intragroup differences at the four
observation times and the Mann-Whitney U test for
intergroup variation.

In both survivors and nonsurvivors, to evaluate the
variation of the other parameters, we used the Wilcoxon

test to estimate the intragroup variation (i.e., admission
vs. end of the observation), and the Mann-Whitney U test
for intergroup differences (i.e., nonsurvivors vs. survi-
vors). A power test was run to rule out type II error.
Variations of parameters from beginning to end of
observation were calculated using the formula
Ap = (Pex—Pen)—100/pe,. Sensitivity and specificity for
survival were determined by the receiver operating
characteristic curve (ROC curve). The time-dependent
effect on survival of the explanatory variables was
examined with Cox’s proportional hazard method.
Existing correlations between parameters considered in
the study were tested with Pearson’s r.

Results

Twenty-seven children (15 males and 12 females) with a
median age of 72 months (range 6—144 months) admitted
to PICU and mechanically ventilated for acute respiratory
failure [25] were enrolled in the study over 24 months.
Age, sex, survival, diagnosis, time on mechanical venti-
lation, sets of measurements, and PRISM score for each
patient are reported in Table 1.

Six (22%) of the 27 children in the study died in
the PICU (nonsurvivors); 21 (78%) survived and could

Table 1 Characteristics of

pediatric intensive care unit Patients  Age Sex  Outcome  Diagnosis ~ Mechanical Sets of PRISM

patients: age, sex, outcome, (months) ventilation (h) measurement

diagnosis, hours on mechanical

ventilation, sets of éJA 138 Il;/l B ﬁiDS 147‘% ﬁ’ ig

measurements for individual

- PR 96 M D ARDS 96 24 19

patient, and PRISM score on

admission to PICU ST 6 M D ARDS 96 24 18
CU 96 F E ALI 88 22 12
RR 72 M E ALI 76 19 12
RL 60 M E ARDS 40 10 15
BM 24 F E ALI 160 40 7
1P 120 M D ARDS 56 14 31
CvV 132 M E BP 144 36 8
DM 84 M E BP 64 16 16
KL 144 F E ARDS 48 12 32
LV 120 M E BP 40 10 8
OM 24 M E BP 24 6 7
PL 6 F E BP 44 11 11
SC 60 F E BP 64 16 11
HA 36 M D ARDS 96 24 39
CvV 36 M E BP 28 7 12
DF 84 M E ALI 64 16 16
FP 60 M E ARDS 168 42 23
FG 48 F E BP 12 3 3
HP 24 F E ALI 36 9 22
HO 12 F E ALI 24 6 7
MF 120 M E ALI 36 9 9
PG 84 F E BP 56 14 7
PS 72 M E BP 40 10 9
RE 60 M E ALI 60 15 13

D Nonsurvivor, E survivor, ARDS acute respiratory distress syndrome, HA hemorrhagic alveolitis,
ALI acute lung injury, BP bacterial pneumonia
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be extubated (survivors). Of the six deceased, only
one had EVLWi = 10 ml/kg; five out of six had EVLWi
>10 ml/kg.

On admission to PICU

PRISM score was significantly higher in nonsurvivors
than survivors: 31.17 £ 10.85 vs. 12.38 + 6.68, p <
0.0011, power 0.99.

In the intergroup comparison, EVLWi, A-aDO,, OlI,
and MAP were found to be significantly higher in non-
survivors; PaO, and PaO,/FiO, ratio were significantly
reduced. Pulmonary permeability (EVLWi/PBVi), GED-
VVi, SVi, and SVRi were not different (Tables 2, 3).

As shown in Tables 2 and 3, the intergroup observa-
tion showed that in nonsurvivors, we found significantly
higher levels of EVLWi, A-aDO,, OI, and MAP, and
significantly reduced values of PaO, and PaO,/FiO, ratio.
Pulmonary permeability (EVLWi/PBVi), GEDVi, SVi,
and SVRi were not different.

The receiver operating characteristic curve test (ROC
test) identifies good sensitivity and specificity for all
parameters with an area under the curve (AUC) that was
always significant: PRISM score AUC = 0.94, OI
AUC =092, MAP AUC = 0.92, PaO,/FiO, ratio
AUC = 0.85, EVLWi AUC = 0.81, A-aDO, AUC =
0.80, PaO, AUC =0.79, and EVLWi/PBVi ratio
AUC = 0.78 (see Figs. El and E2 in the electronic sup-
plementary material).

At end of observation

At the end of the study the intergroup observation showed
significantly elevated A-aDO,, OI, EVLWi, MAP, and
EVLWi/PBVi in nonsurvivors and reduced PaO, and
PaO,/FiO, ratio (Tables 2, 3).

During stay in PICU

Nonsurvivors were mechanically ventilated for a greater
number of hours (nonsurvivors vs. survivors: 9,467 +
4,327 vs. 6,247 £ 4,397 h, p < 0.0408, power = 0.60).
Between entry and exit from the study (Tables 2, 3), in
nonsurvivors there was a significant increase in OI and
MAP, while in survivors we observed a significant
reduction in OI and EVLWi. All other parameters were
unchanged or their changes did not attain statistical sig-
nificance (Table 2). In survivors, EVLWi was already
reduced significantly at 24 h, and the levels remained
stable throughout the stay in PICU (Table 2). In contrast, in
nonsurvivors EVLWi remained constantly elevated
(Table 2). Moreover in survivors, EVLWi was lower at 24
and 36 h when compared with the nonsurvivors (Table 2).

With Cox’s proportional hazard method we were able to
prove a significant time-dependent influence on survival
only for changes (A) in OI, EVLWi, and MAP (AOL
x> = 6.87, prob> x> 0.0088, p < 0.0077; AEVLWi:
¥’ =502, prob>y* 0.0251, p<0.0079; AMAP:
x> = 13.11, prob > XQ 0.0003, p < 0.00091). No signifi-
cant changes in CI could be observed either intra-
or intergroup (Table 3). Percent fluid overload was
significantly higher in nonsurvivors than in survivors
(4.59 £ 2.12 vs. 1.06 £ 0.64, p < 0.0003, power test =
1.0).

Finally the correlation between EVLWi and FO%
attained statistical significance (EVLWi = 5.09 + 4.86 x
FO%; r* = 0.63, p < 0.0001) as did that between EVLWi
and EVLWi/PBVi (EVLWi = 0.88 4 9.69 x EVLWi/
PBVi; = 0.53, p < 0.0001). In contrast, correlation
between EVLWi and CI was not statistically significant.

Discussion

Mortality of the pediatric patients in our study was 9%
(1 patient) among those with an EVLWi <10 ml/kg
(11 patients) at admission to PICU and 31% (five patients)
among those with EVLWi >10 ml/kg (16 patients). The
incidence of mortality is consistent with that reported by
other authors in critically ill children with acute respira-
tory failure and is lower than the average mortality for the
same condition in adults [31, 33, 34]. Martin et al. [2],
Sakka et al. [7], and Berkowitz et al. [35] report that in
adult patients mortality increases with increasing volumes
of EVLW. In particular Martin and colleagues [2] report
better survival (100 vs. 36%) at 28 days in patients with
severe sepsis and ARDS, when EVLWi could be main-
tained <10 ml/kg. In 373 critically ill patients, Sakka and
colleagues [7] found that the mortality rate was approxi-
mately 65% in patients with EVLWi >15 ml/kg, whereas
it was approximately 33% in patients with EVLWi
<10 ml/kg. Berkowitz et al. [35] report that mortality
exceeds 60% when EVLWi is >10 ml/kg. In our study,
similar to the findings reported in adult populations, the
children who did not survive their acute respiratory failure
had had EVLWi volumes significantly elevated through-
out the entire PICU stay (Table 2).

The concept that a positive fluid balance is partly
responsible for a bad prognosis in the presence of pul-
monary edema has been validated by Mitchell et al. [6].
These authors support a strategy based on a negative fluid
balance as tolerated by the patient in terms of hemody-
namics. Another recent study reports that a cumulative
negative fluid balance on day 4 was associated indepen-
dently with a lower hospital mortality and more
ventilator- and ICU-free days [9]. Also in children with
acute renal failure and hemodynamic instability, fluid
overload has been shown to favor mortality [36]. In
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Table 2 Extravascular lung water volume index (EVLWi, ml/kg) in nonsurvivors and survivors on admission to PICU (T0), at 24 h (T1)

and 36 h (T2), and at the end of observartion (T3)

On admission (TO) 24 h (T1) 36 h (T2) End of the observation (T3)
Nonsurvivors 30.20 + 10.13 23.50 + 14.37 23.33 £ 9.04 29.00 £ 7.77
Survivors 17.08 + 7.84* 11.84 + 3.98* 12.11 + 4.01* 8.72 £+ 2.90*

Intragroup observation (TO vs T1 vs T2 vs T3):
Non-survivors Kruskal-Wallis Test :
Kruskal-Wallis Test -

Survivors

Wilcoxon test:

p NS, power test >0.59

p < 0.0018, power test >0.90

TOvs Tl p<0.01, power test >0.73

TO vs T2 p <0.02, power test > 0.68

TO vs T3 p <0.02, power test >0.78

Intergroup observation (non-survivors vs survivors) :
Mann-Whitney U-test :

Wilcoxon test: NSTO vs STO p <0.05,

NSTI1 vs ST1 p< 0.02,
NST2 vs ST2 p < 0.006,

NST3 vs ST3 p <0.0003,

critically ill children, reduction of fluid overload with
continuous venovenous hemofiltration (CVVH) improves
survival [37], fluid balance, and caloric intake and allows
for a parallel reduction in the use of diuretics. In our
study, percent fluid overload was higher in nonsurvi-
vors than in survivors, confirming these observations.
Presently, however, it is difficult to define the patho-
physiologic mechanisms linking pulmonary damage and
hyperhydration [38].

In our study EVLWi had decreased significantly in
survivors already at 24 h and remained constant thereafter
until discharge (Table 2). With the Cox test we could also
prove that time-related changes (A) in EVLWi, MAP, and
Ol significantly influenced survival. This is consistent
with Kuzkov and colleagues’ study [30] showing that
changes in EVLWi at day 3 are predictors of outcome.
The significance of EVLWi for the outcome of adult
critical patients has been addressed in a number of stud-
ies. Matthay et al. [39] and Ware et al. [40] stress that
reabsorption of pulmonary edema, the latter defined as
fluid accumulation in the pulmonary extravascular space,
can be impaired in acute lung injury and ARDS. Kuzkov
et al. [30] report that pulmonary permeability and EVLWi
increase significantly in septic patients with acute lung
injury who do not survive.

The assumption that increased EVLWi can result at
least in part from more severe damage to the pulmonary

* p<0.05, power test > 0.69

power test > 0.61
power test > (.88
power test > 0.98

power test > 1.00

parenchyma is also supported by our findings. In non-
survivors, we found lower levels of PaO,/FiO, ratio, and
higher levels of OI and pulmonary permeability both at
entry and exit from the study (Table 3). The intragroup
analysis showed only a significant reduction in the levels
of OI in the survivors and a significant increase in the
nonsurvivors, but no significant changes in PaO,/FiO,
ratio and pulmonary permeability between the two groups
(Table 3). Further support is offered by the significant
correlation that we observed between elevation of EVLWi
and increased FO% and pulmonary permeability, result-
ing in more time on mechanical ventilation and higher
mortality rate as already reported by others in adult
patients [5-7]. According to our findings, the correlation
between EVLWi and patient outcome is significant.
However, the underlying pathophysiology remains unde-
termined. As recently reported also by other authors, it is
not clear if the increase in extravascular fluid in the lungs
is strictly dependent on excess amounts of extravascular
fluids, is the consequence of increased lung permeability,
or both [10, 38]. Therefore, EVLWi qualifies as a reliable
prognostic index, but its usefulness as a guide to proper
fluid therapy can only be speculative. At present, opti-
mization of EVLWi with an appropriate therapy is an
extremely difficult task. On the one hand excessive
administration of fluids can increase pulmonary edema
and mortality [41], on the other hand, excessive fluid
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Table 3 PaO,, PaO,/FiO, ratio, A-aDO,, OI, GEDVi, SVi, SVRi, MAP, EVLWi/PBVi ratio, and CI (CO/BSA) on admission and at the
end of the observation in nonsurvivors and survivors

On admission

End of the observation

Nonsurvivors

Survivors

Nonsurvivors

Survivors

PaO, (mmHg)
PaO,/FiO, (mmHg)
A-aDO, (mmHg)
Ol

GEDVi (ml/m?)

SVi (ml/m?)

SVRIi (dyn s cm™ m™?)
MAP (cm H,0)
EVLWi/PBVi

CI

62.03 &+ 22.43*
114.15 + 54.98%
296.03 + 105.18*

15.80 + 7.93%°
495.20 + 243.01

41.40 + 9.96
956.40 + 368.82

14.40 + 1.67*°

1.56 £ 0.46*
5.37 £ 1.79

85.66 + 26.41
211.06 £ 97.18
186.55 + 97.98

6.74 £+ 2.42°
418.35 & 246.65

39.35 & 13.05
1,213.53 £ 586.31

54.26 + 15.43*
92.85 + 40.61*
323.29 + 89.54*
20.73 £ 7.12*
380.40 £ 203.35
29.30 £ 7.92
1,259.10 £ 776.45
16.80 + 1.09*
248 + 1.13%
523 £ 1.74

85.84 £ 17.03
262.90 + 95.23
130.28 £ 101.28

4.15 £ 2.34
420.06 £ 262.70
46.05 + 18.16
1,334.94 £+ 425.14
10.11 £ 1.96

1.04 £ 0.59
4.76 + 1.45

* intergroup evaluation: non-survivors vs survivors

on admission

p< power
PaO, 0.03 0.61
PaO,/FiO, 0.01 0.67
A-aDO, 0.02 0.68
Ol 0.002 0.99
MAP 0.0008 0.99
EVLWi/PBVi 0.03 0.70

b - . .o . .
intragroup evaluation: admission vs end of the observation

on admission

p< power p<
Ol 0.05 0.68 0.05
MAP 0.05 0.69 NS

restriction can cause hypovolemia and reduction of pre-
load and peripheral organ perfusion [42]. As suggested by
Foland et al., hemofiltration applied earlier and more
decisively might improve volume parameters.

The number of observations in our study is relatively
small, so that the study itself should be considered a pilot
one. However, the analysis of the data collected on crit-
ically ill children admitted to PICU with acute respiratory
failure points to a good concordance of EVLWi with
all indexes of oxygen exchange. Also sensitivity and
specificity appear to be good. In conclusion, eventual

End of the observation

p< power
0.001 0.97
0.001 0.98
0.002 0.98
0.0004 1.00
0.0002 1.00
0.0051 0.93

End of the observation

power
0.67

0.61

confirmation of our findings, obtained from a much wider
multicenter study, might suggest routine assessment of
EVLWi with the thermodilution method as a reliable
prognostic index in critically ill children with acute
respiratory failure. Speculations on the potential role of
EVLWi assessment in guiding an appropriate fluid
replacement therapy should be withheld until the patho-
physiological mechanisms of pulmonary edema are better
understood.

Conflict of interest None.
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