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Abstract
Objective: Observed associations between fluid balance and septic shock outcomes are likely
confounded by initial mortality risk. We conducted a risk-stratified analysis of the association
between post-intensive care unit (ICU) admission fluid balance and pediatric septic shock
outcomes.

Design: Retrospective analysis of an ongoing, multi-center pediatric septic shock clinical and
biological database.

Setting: Seventeen pediatric ICUs in the United States.

Patients: Three hundred and seventeen children with septic shock.

Interventions: None.

Measurements and Main Results: We stratified subjects into three mortality risk categories
(low, intermediate, and high) using a validated, biomarker-based stratification tool. Within each
category, we assessed three fluid balance variables: total fluid intake/kg/day during the first 24
hours, percent positive fluid balance during the first 24 hours, and cumulative percent positive
fluid balance up to seven days. We used logistic regression to estimate the effect of fluid balance
on the odds of 28-day mortality, and on complicated course, defined as either death within 28 days
or persistence of two or more organ failures at seven days. There were 40 deaths and 91 subjects
had a complicated course. Increased cumulative percent positive fluid balance was associated with
mortality in the low risk cohort (n = 204, OR 1.035, 95%CI 1.004 – 1.066), but not in the
intermediate and high risk cohorts. No other associations with mortality were observed. Fluid
intake, percent positive fluid balance in the first 24 hours, and cumulative percent positive fluid
balance were all associated with increased odds of a complicated course in the low risk cohort, but
not the intermediate and high risk cohorts.

Conclusions: When stratified for mortality risk, increased fluid intake and positive fluid balance
after ICU admission are associated with worse outcomes in pediatric septic shock patients with a
low initial mortality risk, but not in patients at moderate or high mortality risk.

INTRODUCTION
Septic shock remains a major cause of morbidity and mortality in children (1). Over 20
years ago, Carcillo and colleagues reported that in children with septic shock, fluid
resuscitation in excess of 40 ml/kg within the first hour of presentation was associated with
improved survival, without increased risk of cardiogenic pulmonary edema or acute
respiratory distress syndrome (2). Since then, aggressive fluid resuscitation has been a core
intervention for the management of both pediatric and adult septic shock (3, 4), and the
practice has been supported by subsequent observational and interventional studies (5-8).

While seemingly a fundamental tenet of septic shock management, aggressive fluid
resuscitation for septic shock was recently criticized as being only weakly supported by
evidence (9). Further, recent cohort studies have reported an association between positive
fluid balance and increased mortality in adult and pediatric patients with sepsis, as well as
other critical illnesses (10-19). Most recently, the Fluid Expansion as Supportive Therapy
(FEAST) study compared fluid boluses of 20 to 40 ml/kg to no bolus in over 3,000 acutely
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ill African children, and reported significantly increased mortality in the group randomized
to the fluid bolus arm (20). The FEAST study raises many questions regarding the efficacy
of fluid resuscitation, even though the relevance for resource rich environments is unclear
(4).

It is biologically and physiologically plausible that the association between a positive fluid
balance and the risk of mortality is a result of confounding by illness severity. That is,
positive fluid balance could be simply a marker of increased illness severity leading to
increased vascular leak, increased third spacing of fluid, and increased fluid requirements,
rather than a direct cause of increased mortality itself (21). Accordingly, associations
between positive fluid balance and septic shock outcomes would be better interpreted in the
context of reliable risk stratification.

We recently derived and validated a multibiomarker-based risk model called PERSEVERE
(PEdiatRic SEpsis biomarkEr Risk modEl) that reliably predicts outcomes in heterogeneous
cohorts of children with septic shock (22). PERSEVERE stratifies patients based on their
risk of mortality. One potential application of PERSEVERE is to help adjust for illness
severity in analysis of clinical data. In the current study, we have used PERSEVERE to
conduct a risk-stratified analysis of the association between post intensive care unit
admission positive fluid balance and outcomes in pediatric patients with septic shock.

METHODS
Study and data collection

Study subjects (n = 317) were participants in an ongoing, multi-center genomics database of
children with septic shock. The study protocol was approved by the Institutional Review
Boards of each participating institution (n = 17), and has been previously described in detail
(23-34). Briefly, children ≤ 10 years of age admitted to the pediatric intensive care unit
(PICU) and meeting pediatric-specific criteria for septic shock were eligible for enrollment
(35). After informed consent from parents or legal guardians, blood samples were obtained
within 24 hours of initial presentation to the PICU. Clinical and laboratory data were
collected daily while in the PICU. Mortality was tracked for 28 days after enrollment, and
organ failure was defined using pediatric-specific criteria (35). All subjects < 28 days of age
(i.e. neonates) were full term and were admitted to the PICU with septic shock subsequent to
being discharged to home after birth.

Fluid status variables
We calculated three different fluid balance parameters based on PICU admission weights.
First, we calculated the total fluid intake (ml/kg/day) during the first 24 hours of PICU
admission. Second, we calculated the percent positive fluid balance during the first day of
PICU admission, and third we calculated the cumulative percent positive fluid balance up to
7 days from PICU admission. Percent positive fluid balance was calculated using the
formula:

The fluid output variable included urine plus all other sources of fluid loss except insensible
fluid loss. Fluid therapy decisions were not under protocol.
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Stratification
Subjects were stratified by initial risk of 28-day mortality using the updated version of
PERSEVERE (22). Two hundred and seventy nine (88%) of the current subjects were
included in either the original PERSEVERE derivation cohort or the PERSEVERE test
cohort, which originally consisted of 355 subjects. The 279 subjects were selected because
they had complete fluid balance data available, whereas the remaining 76 subjects had
incomplete fluid balance data and where therefore excluded from this analysis.

Data analysis
All statistical analyses were conducted using SigmaStat Software (Systat Software, Inc., San
Jose, CA). Initially, data are described using medians, interquartile ranges, frequencies, and
percents. Comparisons between study groups were made using the Mann-Whitney U-test,
Chi-square, or Fisher’s Exact tests, as appropriate.

Associations between the fluid status variables and outcome were analyzed using logistic
regression. Pearson’s correlation coefficient was used to test for associations between the
fluid status variables; in the presence of moderate or high correlations between these
predictor variables the regression coefficients may not be well estimated and a multivariable
approach to modeling outcomes would not be informative. We considered two different
outcome variables. First, we used all cause 28-day mortality. Second, we considered a
composite endpoint with we termed “complicated course”, which is defined as either death
within the 28-day study period, or persistence of two or more organ failures at 7 days after
meeting criteria for septic shock, as previously described (36, 37).

RESULTS
Demographics and clinical characteristics

There were 317 children included. Table 1 compares the survivors and the non-survivors.
The 40 non-survivors (12.6%) were significantly younger and were more likely to have
septic shock-associated renal failure, compared to the 277 survivors. Non-survivors also had
a higher Pediatric Risk of Mortality (PRISM) score, a higher probability of mortality based
on PERSEVERE, and a greater proportion of subjects < 28 days of age. The median fluid
intake per kilogram during the first 24 hours, percent positive fluid balance during the first
24 hours, and cumulative percent positive fluid balance up to 7 days were all significantly
higher in the non-survivors compared to the survivors. The types of pathogens identified
were not significantly different between survivors and non-survivors.

Table 2 compares the 91 subjects with a complicated course to the 226 subjects without a
complicated course. The pattern of differences was similar to that for the comparison
between survivors and non-survivors, except that the proportion of subjects < 28 days of age
was similar between the two groups. In addition, a greater proportion of subjects with a
complicated course had mixed infections as the cause of septic shock, while a lower
proportion of the subjects with complicated course had no causative organism isolated.

Association between fluid status and outcomes
Based on a histogram (not shown), the cohort was stratified according to the PERSEVERE-
based mortality probabilities: low risk (mortality probability 0 to 2.5%), intermediate risk
(mortality probability >2.5% to 26.7%), and high risk (mortality probability >26.7% to
62.5%). The three fluid status variables were moderately to highly correlated: fluid intake
per kg during the first 24 hours vs. percent positive fluid balance during the first 24 hours (r
= 0.670, p < 0.001); fluid intake per kg during the first 24 hours vs. cumulative percent
positive fluid balance (r = 0.365, p < 0.001); and percent positive fluid balance during the
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first 24 hours vs. cumulative percent positive fluid balance (r = 0.505, p < 0.001). Because
of this co-linearity, we used univariable logistic regression to analyze the association
between the fluid status variables and outcome.

As shown in Tables 3 and 4, fluid status was not associated with mortality or a complicated
course in the intermediate and high risk groups. Fluid intake and percent positive fluid
balance during the first 24 hours were not associated with mortality in the low risk group.
However, increased cumulative percent positive fluid balance was associated with mortality
in the low risk group, and increases in all three fluid status variables were associated with
increased odds of a complicated course in the low risk group. Figure 1 shows the
distribution of organ failures for patients with a complicated course. A greater proportion of
the high risk patients had neurologic and hematologic failure, compared to the low and
intermediate risk patients. The rates of other organ failures were otherwise not significantly
different between the three risk groups.

In order to consider the interaction between fluid intake and positive fluid balance, we tested
the interaction between fluid intake and percent positive fluid balance in the first 24 hours in
each of the risk groups. The interaction term was significantly associated with a complicated
course in the low risk group (p < 0.001). No other associations between the interaction term
and outcome were observed.

Because fluid administration was not under protocol, we also considered the possibility that
different fluid administration practices across the multiple contributing centers could affect
outcome. We did not find an association between center and outcome (data not shown).

DISCUSSSION
We explored the potential association between post-PICU admission fluid balance and
outcome in a large and heterogeneous cohort of children with septic shock drawn from
seventeen centers in the U.S. When the cohort is stratified into three mortality risk groups,
we detected associations between post-PICU admission fluid balance and worse outcomes
only in the low risk group.

Our data diverge substantially from recent reports that suggest independent associations
between a positive fluid balance and poor outcomes in adult and pediatric patients with
sepsis or other forms of critical illness (10-19). This divergence is unlikely a reflection of an
insufficient sample size, given the size of our cohort relative to previous pediatric studies
(11, 14-19). We note that our study included only children ≤ 10 years of age with septic
shock, whereas previous pediatric studies included a broader age range and a mixed
population of critically ill children, including sepsis. Accordingly, our findings may not be
generalizable beyond children ≤10 years of age with septic shock. Our findings in moderate
to high risk patients are consistent with a recent study in adult patients with septic shock,
which demonstrated no association between initial fluid status and mortality, although we
did not replicate the association between higher fluid volumes and reduced mortality in
patients with shock duration of three or more days (8).

In our analysis, stratification by risk was used to evaluate the association between post-ICU
admission fluid balance and outcome while taking into account the problem of confounding
by severity. Previous studies have attempted to adjust for such confounding by including
physiology-based scoring systems into analyses (10-19). It has been proposed, however, that
physiology-based scoring systems are poor surrogates for risk stratification and that they
tend to perform poorly when applied to specific forms of critical illness, rather than a
general critically ill population (38). PERSEVERE was derived and validated in children
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with septic shock and outperforms a physiology-based scoring system when risk stratifying
children with septic shock (22). Furthermore, ongoing testing continues to demonstrate that
it reliably risk stratifies children with septic shock (H. Wong, unpublished data).

Optimal fluid balance in septic shock is currently an area of much debate (9, 21). There are
two inter-related, but distinct issues central to this debate. First, there is the issue
surrounding the optimal amount and type of fluid administration during the early phase of
resuscitation. The current study does not fully address this issue because we were unable to
distinguish between fluids specifically administered for resuscitation and the obligate fluids
associated with the general care process (e.g. fluids related to medications), nor were we
able to specify the type of fluid used in resuscitation (i.e. crystalloid vs. colloid). In addition,
we did not capture the amount of fluid administered prior to PICU admission, which is a
major limitation of our study. These issues notwithstanding, our data suggest that in low risk
patients, increased fluid administration post admission to the PICU may be detrimental,
rather than beneficial. In addition, our data suggest that the optimal amount of initial fluid
requirements for children with septic shock encompasses a relatively broad range.
Ultimately, it is hoped that this issue will be clarified substantially by three ongoing, multi-
center trials in the United Kingdom (ISRCTN36307479), Australia (NCT00975793), and the
U.S. (NCT00510835), which are directly addressing this important question.

Second, there is the issue of positive fluid balance after the initial resuscitation period,
which is more directly addressed by our current study. Addressing this analytically is
challenging given the interaction and interdependence between the risk of a positive fluid
balance and illness severity, and our stratified analysis helps address this. Intuitively, there
should be a critical range at which a positive fluid balance beyond the initial resuscitation
phase has negative consequences for outcome. Our data demonstrate that there is indeed a
relationship between positive fluid balance and increased odds of a complicated course, but
interestingly this is limited only to the low risk cohort. While not significant, the opposite
trend is observed in the high risk cohort. This would suggest that a positive fluid balance
might be beneficial in the more severely ill patients, but detrimental in lower risk patients.
Whether these associations are causal or secondary to some other confounding factor
requires exploration. Regardless, our data do not support the institution of aggressive fluid
removal, through either medications or renal replacement therapies, at any specified state of
positive fluid balance.

In conclusion, our current data indicate that positive fluid balance post admission to the
PICU affects children with septic shock having an initial low mortality risk; increasing fluid
intake and positive fluid balance in this cohort, but not in those at intermediate or high risk,
are associated with increased odds of a worse outcome. The optimal fluid balance for
children with septic shock seems to be quite broad, and is highly dependent on illness
severity. The specific level of positive fluid balance that leads to poor outcomes is not
evident from our data. Given the heterogeneity and complexities of septic shock, the
decision to address therapeutically a positive fluid balance will likely continue to rely on
clinical acumen and patient-specific context.
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Figure 1.
Distribution of organ failures for the subjects with a complicated course. *p < 0.05 vs. low
and intermediate risk groups, Chi-square with 2 degrees of freedom.
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Table 1

Clinical characteristics of non-survivors and survivors.

Non-survivors (n = 40) Survivors (n = 277) p value

Median age in years (IQR) 1.3 (0.2 – 4.5) 2.9 (1.1 – 6.7) 0.007

Number of males (%) 26 (65) 166 (59) 0.225

Median PRISM score 28 (17 – 37) 12 (7 – 18) <0.001

Number with renal failure (%) 11 (27) 23 (8) <0.001

Median fluid intake/kg in first 24 hours 178 (134 – 227) 138 (100 – 186) 0.003

%Positive fluid balance in first 24 hours 10.6 (3.8 – 15.7) 4.5 (1.3 – 9.8) <0.001

Cumulative %positive fluid balance 19.5 (10.5 – 40.1) 6.5 (−1.3 – 14.6) <0.001

PERSEVERE probability of mortality 0.472 (0.222 – 0.472) 0.011 (0.011 – 0.182) <0.001

# of subjects < 28 days of age (%) 9 (23) 22 (8) 0.004

# with gram positive infection (%) 10 (25) 66 (24) 0.871

# with gram negative infection (%) 8 (20) 54 (19) 0.940

# with viral infection (%) 4 (10) 15 (5) 0.253

# with fungal infection (%) 0 (0) 2 (1) 0.590

# with mixed infection (%) 1 (3) 10 (4) 0.720

# with no organism identified (%) 17 (43) 130 (47) 0.599
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Table 2

Clinical characteristics of patients with and without a complicated course (CC).

CC (n = 91) Non-CC (n = 226) p value

Median age in years (IQR) 1.6 (0.6 – 5.2) 3.0 (1.2 – 7.0) 0.003

Number of males (%) 61 (67) 131 (60) 0.135

Median PRISM score 20 (11 – 30) 12 (6 – 17) <0.001

Number with renal failure (%) 26 (29) 8 (4) <0.001

Median fluid intake/kg in first 24 hours 177 (125 – 228) 134 (99 – 172) <0.001

%Positive fluid balance in first 24 hours 8.5 (3.7 – 15.2) 3.8 (0.6 – 8.3) <0.001

Cumulative %positive fluid balance 13.2 (4.3 – 29.6) 5.9 (−1.8 – 13.6) <0.001

PERSEVERE probability of mortality 0.222 (0.182 – 0.472) 0.011 (0.011 – 0.025) <0.001

# of subjects < 28 days of age (%) 13 (14) 18 (8) 0.087

# with gram positive infection (%) 25 (27) 51 (23) 0.355

# with gram negative infection (%) 20 (22) 42 (19) 0.491

# with viral infection (%) 8 (9) 11 (5) 0.183

# with fungal infection (%) 1 (1) 1 (0) 0.504

# with mixed infection (%) 7 (8) 4 (2) 0.009

# with no organism identified (%) 30 (33) 117 (52) 0.002
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Table 3

Univariable logistic regression results for mortality.

Risk Group (n) # of
deaths

Variable Odds Ratio (95% C.I.) p
value

Low (204) 3

Fluid intake/kg in first 24 hrs 0.991 (0.969 – 1.014) 0.449

%Pos. fluid balance in first 24 hrs 1.020 (0.867 – 1.200) 0.813

Cumulative %pos. fluid balance 1.035 (1.004 – 1.066) 0.024

Intermediate (68) 12

Fluid intake/kg in first 24 hrs 1.004 (0.995 – 1.012) 0.380

%Pos. fluid balance in first 24 hrs 1.023 (0.938 – 1.116) 0.604

Cumulative %pos. fluid balance 1.045 (1.000 – 1.092) 0.050

High (45) 25

Fluid intake/kg in first 24 hrs 1.000 (0.993 – 1.007) 0.933

%Pos. fluid balance in first 24 hrs 0.999 (0.941 – 1.061) 0.983

Cumulative %pos. fluid balance 0.933 (0.971 – 1.015) 0.536
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Table 4

Univariable logistic regression results for complicated course (CC).

Risk Group (n) # with
CC

Variable Odds Ratio (95% C.I.) p
value

Low (204) 22

Fluid intake/kg in first 24 hrs 1.010 (1.004 – 1.016) 0.002

%Pos. fluid balance in first 24 hrs 1.123 (1.054 – 1.197) <0.001

Cumulative %pos. fluid balance 1.031 (1.011 – 1.052) 0.003

Intermediate (68) 33

Fluid intake/kg in first 24 hrs 1.002 (0.995 – 1.008) 0.636

%Pos. fluid balance in first 24 hrs 1.049 (0.975 – 1.129) 0.202

Cumulative %pos. fluid balance 1.021 (0.987 – 1.056) 0.228

High (45) 36

Fluid intake/kg in first 24 hrs 0.999 (0.990 – 1.007) 0.739

%Pos. fluid balance in first 24 hrs 0.993 (0.922 – 1.070) 0.851

Cumulative %pos. fluid balance 0.978 (0.951 – 1.005) 0.108
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