OBSERVATIONAL STUDY

Revisiting Post-ICU Admission Fluid Balance
Across Pediatric Sepsis Mortality Risk Strata:
A Secondary Analysis of a Prospective

Observational Cohort Study

OBIJECTIVES: Post-ICU admission cumulative positive fluid balance (PFB) is
associated with increased mortality among critically ill patients. We sought to test
whether this risk varied across biomarker-based risk strata upon adjusting for ill-
ness severity, presence of severe acute kidney injury (acute kidney injury), and use
of continuous renal replacement therapy (CRRT) in pediatric septic shock.

DESIGN: Ongoing multicenter prospective observational cohort.
SETTING: Thirteen PICUs in the United States (2003-2023).
PATIENTS: Six hundred and eighty-one children with septic shock.
INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Cumulative percent PFB be-
tween days 1 and 7 (days 1-7 %PFB) was determined. Primary outcome of in-
terest was complicated course defined as death or persistence of greater than
or equal to two organ dysfunctions by day 7. Pediatric Sepsis Biomarker Risk
Model (PERSEVERE)-II biomarkers were used to assign mortality probability
and categorize patients into high mortality (n = 91), intermediate mortality (n =
134), and low mortality (n = 456) risk strata. Cox proportional hazard regres-
sion models with adjustment for PERSEVERE-II mortality probability, presence of
sepsis-associated acute kidney injury on day 3, and use of CRRT, demonstrated
that time-dependent variable days 1-7%PFB was independently associated with
an increased hazard of complicated course. Risk-stratified analyses revealed that
each 10% increase in days 1-7 %PFB was associated with increased hazard of
complicated course only among patients with high mortality risk strata (adjusted
hazard ratio 1.24 (95% ClI, 1.08-1.43), p = 0.003). However, this association
was not causally mediated by PERSEVERE-II biomarkers.

CONCLUSIONS: Our data demonstrate the influence of cumulative %PFB on
the risk of complicated course in pediatric septic shock. Contrary to our previous
report, this risk was largely driven by patients categorized as having a high mor-
tality risk based on PERSEVERE-II biomarkers. Incorporation of such prognostic
enrichment tools in randomized trials of restrictive fluid management or early initi-
ation of de-escalation strategies may inform targeted application of such interven-
tions among at-risk patients.

KEYWORDS: acute kidney injury; biomarkers; critical illness; fluid overload;
positive fluid balance; post-ICU admission fluid balance; sepsis; septic shock

epsis is associated with high morbidity and mortality among children
and adults (1). Driven primarily by a dysregulated host immune re-
sponse and consequent endothelial activation, sepsis is characterized by
microvascular capillary leak (2). Further, a large increase in systemic vascular
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Question: Does the association between cumu-
lative positive fluid balance (PFB) and complicated
PICU course vary across biomarker-based risk
strata among patients with pediatric septic shock?

Finding: After adjusting for several confounders,
cumulative PFB after PICU admission was inde-
pendently associated with increased hazard of
complicated course. This association was attrib-
uted primarily to patients categorized as having
a high mortality risk based on Pediatric Sepsis
Biomarker Risk Model Il biomarkers.

Meaning: Ultilization of prognostic enrichment
tools, including biomarker-based risk stratification,
in randomized trials of restrictive fluid management
or early de-escalation strategies holds potential to
inform targeted application of such interventions.

. J

capacitance necessitates fluid resuscitation to ensure
adequate preload and systemic oxygen delivery in the
initial phase of illness. However, fluid shifts over the
course of disease result in extravascular fluid accu-
mulation, consequent hypoxemia, and propagation of
organ dysfunction(s) (3).

Persistence of a positive fluid balance (PFB) has been
independently associated with poor clinical outcomes
among patients with sepsis (4-10). Complicating mat-
ters further, patients may develop oliguria and sepsis-
associated acute kidney injury (SA-AKI). A subset of
patients will require continuous renal replacement
therapy (CRRT). Both the presence of SA-AKI and
CRRT use may serve to confound the association be-
tween cumulative PFB and clinical outcomes. Recent
research has emphasized conservative fluid manage-
ment, de-escalation, and deresuscitation where appro-
priate to negate the detrimental effects of PFB among
critically ill patients (11). It is suggested that such
approaches may improve liberation of patients from
the intensive care unit (ICU). A key limitation is that
few studies have explicitly considered biological het-
erogeneity among critically ill patients. It is thus likely
that subsets of patients may benefit from tailored fluid
management approaches (12-14).

Our group has previously used the Pediatric
Sepsis Biomarker Risk Model (PERSEVERE)—a
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prospectively validated prognostic enrichment tool
(15) reflective of the host inflammatory response—to
test the association between post-ICU admission cu-
mulative PFB across mortality risk strata in pediatric
septic shock patients (16). Our group previously re-
ported that only among patients with low mortality
risk was cumulative PFB associated with increased
odds of complicated course. Limitations of our prior
study included: 1) reporting of univariate analyses that
did not account for confounders, 2) the relatively small
number of patients belonged to high- and intermediate-
PERSEVERE mortality risk strata, and 3) the lack of
consideration of the competing influence of early
deaths on ICU length of stay, and consequently on the
cumulative PFB among the most critically ill patients.

In this study, we sought to test the independent
influence of post-ICU admission PFB on the risk
of complicated course in a large pediatric cohort of
septic shock. We further conducted multivariate risk-
stratified analyses to test differences in this associa-
tion across PERSEVERE-II mortality risk strata and
whether biomarker-based mortality probability caus-
ally mediated the primary association of interest.

MATERIALS AND METHODS
Study Design and Patient Selection

The study protocol was approved by institutional review
boards (IRBs) of participating institutions (Cincinnati
Childrens Hospital IR, Study Title: “Genomic Analysis
of Pediatric Systemic Inflammatory Syndrome;” IRB ID:
2008-0558, Initial Approval May 9, 2002, Most Recent
Approval: June 22, 2023) as well as all participating insti-
tutions. Informed consent was obtained from parents or
guardians of patients. All procedures performed in stud-
ies involving human participants were in accordance with
the ethical standards of the IRBs of participating institu-
tions and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.

Our ongoing multi-institutional prospective obser-
vational cohort study of pediatric septic shock has been
extensively detailed previously (15, 17, 18). Inclusion
criteria for study enrollment were within 24 hours of
meeting pediatric-specific consensus criteria for septic
shock (19). Those with (A) missing admission height
to estimate baseline serum creatinine (SCr) or weight
to estimate percent PFB per kilogram body weight, (B)
those with missing fluid balance details on day 1, and
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those without PERSEVERE-II biomarker data, which
includes platelet count on day 1, were excluded. All
patients who were included in our previous study (16)
were excluded.

Only nonresuscitative fluids received after ICU admis-
sion were documented in our cohort. The percent PFB was
measured by dividing the net fluid balance (intake minus
output) measured in liters on any given day by the admis-
sion weight in kilograms and multiplying it by a factor of
100. The primary exposure variable of interest was the
cumulative percent PEB between days 1 and 7 (days 1-7
%PFB). The primary outcome of interest was complicated
course defined as death within 7 days or the presence of
two or more organ dysfunctions on day 7 of septic shock
(18). Baseline illness severity was based on pediatric risk
of mortality III score (PRISM-III) (20). Severe SA-AKI
was defined as per Kidney Disease Improving Global
Outcomes stage 2 AKI or higher, which corresponds to a
two-fold or greater increase in SCr relative to baseline (21).
Baseline SCr values were unknown for all patients in the
cohort, and thus were imputed using their calculated body
surface area (m?*) and an estimated glomerular filtration
rate of 120mL/min per 1.73 m? as validated in the litera-
ture (22, 23). Presence of persistent SA-AKI on day 3 (D3
SA-AKI) and the use of any CRRT between days 1 and 7
were considered as potential confounders and included in
models. CRRT prescription parameters were not available
and therefore could not be included.

PERSEVERE-II-Based Risk Stratification

PERSEVERE-II mortality probability and risk strata
were determined, according to published methods (15,
24). Briefly, interleukin-8 (IL-8), heat shock protein
70kDa, C-C chemokine ligand 3, C-C chemokine li-
gand 4, granzyme B, IL-1a, and matrix metallopepti-
dase 8 were previously measured in day 1 septic shock
serum. Classification and regression tree (CART) anal-
yses were used to derive a mortality probability risk
score (0.000-0.999) using R (GNU Project, Boston,
MA, USA) . Patients were classified as low-risk (mor-
tality probability score < 0.019), intermediate-risk
(mortality probability score > 0.019 to < 0.300) or
high-risk (mortality probability score > 0.300).

Statistical Analyses

Statistically analyses were conducted using R software.
Demographic and clinical data were summarized
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with numbers with percentages or median with in-
terquartile range. Differences between groups were
determined by X* test for categorical variables and by
the Kruskal-Wallis test for continuous variables with
post hoc Dunn’s test for multiple comparison test-
ing between risk strata. Univariate and multivariable
Cox proportional regression were used to estimate
hazard of complicated course in the cohort and across
PERSEVERE-II risk strata. To account for the possi-
bility of changes in clinical practice patterns over time
influencing the association of interest, we considered
decade of sampling (2003-2013 vs. 2014-2023) as a
potential confounder. This variable was coerced into
the multivariable models despite not reaching signif-
icance on univariate analyses to ensure our data re-
flected contemporary practice. Models were adjusted
for D3 SA-AKI, use of CRRT, with days 1-7 %PFB
being considered a time-dependent variable. Day of
study enrollment was considered as the starting time
(time 0). Survivors who were transferred out of the
ICU before day 7 and those who remained in the ICU
on day 7 were right censored. A p value of 0.05 was
used to test statistical significance throughout the
study. Additional post hoc analyses are detailed in
Supplementary Methods (http://links.lww.com/CCX/
B296).

Causal Mediation Analyses

We used “CMAverse” package in R to conduct media-
tion analyses using a regression-based approach (25).
Time to complicated course as an outcome was exam-
ined in relation to cumulative PFB and PERSEVERE-II
mortality probability risk using a Weibull distribution.
For the mediator model, we examined PERSEVERE-II
mortality probability risk in relation to cumulative PFB
through a linear model adjusted for day 3 SA-AKI and
use of CRRT as covariates. The results were reported
as proportion mediated by PERSEVERE-II mortality
probability risk for the relationship between cumula-
tive fluid balance and time to complicated course. In
addition, the mean survival ratio for direct effect, indi-
rect effect, and total effect were quantified.

RESULTS

A total of 681 children were included in the current
study. Figure 1 shows flow diagram detailing patients
who were included in the study, 13 children with missing
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n=13 children with

n=1,401 children with
septic shock

Percent PFB was higher
between days 1 and 4
among those with a com-
plicated course. Net daily
even or negative fluid bal-
ance was achieved later
among patients with a
complicated course than
those without. Finally,

missing admission <
height or weight

n=29 children with

among patients who re-
ceived CRRT, duration
of CRRT use was longer
among those with a com-
plicated course than those
without.

A

missing fluid balance
details on day 1

n=678 children with

Differences in demo-
graphic and clinical char-
acteristics according to
PERSEVERE-II risk strata
are shown in Table 1 and
the respective CART is

A

missing PERSEVERE-II
biomarker data

n=681 children
included in study

shown in Supplementary
Figure 1 (http://links.lww.
com/CCX/B296). A total
of 91 patients were deemed
. high risk, 134 patients had
intermediate risk, and 456
patients had low mortality
risk. Patients categorized
as high- and intermediate-
risk categories had higher

Figure 1. Flow diagram showing patients included in the study. PERSEVERE-Il = Pediatric Sepsis

Biomarker Risk Model Il.

admission height or weight, 29 children with missing
fluid balance on day 1, and 678 children with missing
PERSEVERE-II biomarker or day 1 platelet data were
excluded from analyses. Most patients (566/681, 83.2%)
were enrolled within 24 hours and 67 of 681 patients
(9.8%) were enrolled within 48 hours of ICU admis-
sion. The remaining patients represented those admit-
ted to the ICU for other indications and subsequently
met criteria for septic shock. Demographic and clinical
variables based on the presence of complicated course
are presented in Supplementary Table 1 (http://links.
Iww.com/CCX/B296). Patients with a complicated
course had higher 28-day mortality, hospital length
of stay, presence of D3 SA-AKI, and use of any CRRT.

4 www.ccejournal.org

illness severity based on
both PRISM-III score and
PERSEVERE-II mortality
probability. These patients also had worse clinical out-
comes including the presence of D3 SA-AKI and use of
CRRT with graded responses across risk strata. Relative
to those classified as low mortality risk, fluid balance
between days 1 and 3 and cumulatively over the first 7
days were more positive among patients with high- and
intermediate-risk groups, with no differences between
the latter groups noted.

Table 2 shows the results of univariate and mul-
tivariate Cox proportional hazard regression for
complicated course in the entire cohort. After
adjusting for PERSEVERE-II mortality probability,
D3 SA-AKI, and use of CRRT, every 10% percent
increase in days 1-7 %PFB was associated with an
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TABLE 1.

Demographics and Clinical Outcomes of Cohort by Pediatric Sepsis Biomarker Risk Model
Il Risk Strata

Variables High Risk (n =91) Intermediate Risk (n =134) Low Risk (n = 456) p
Age (yr) 4.4 (1.5, 8.2) 5.4 (1.5, 9.6) 5.6 (1.6, 10.8) 0.204
Weight 171 (10.5, 24.8) 18.3 (10.3, 33.0) 20.0 (11.3, 35.7) 0.414
Sex, female (%) 48 (52.7%) 59 (44.1%) 223 (48.9%) 0.415
Race (self-identified)
White/Caucasian 69 (75.8%) 100 (74.6%) 336 (73.7%) 0.866
Black/African American 8 (8.8%) 13 (9.7%) 55 (12.1%)
Other 14 (15.4%) 21 (15.7%) 65 (14.3%)
Ethnicity
Hispanic or Latino 8 (8.8%) 18 (18.4%) 65 (14.3%) 0.715
Pediatric Risk of Mortality 11| 16 (9, 26)2 13 (8,18)° 9 (5,13) < 0.001
Score
Pediatric Sepsis Biomarker Risk 0.407 (0.07)> 0.186 (0.01)° 0.02 (0.07) < 0.001
Model Il mortality probability
Day 1 Vasoactive Inotropic Score 20 (4, 55)° 23 (10, 54)° 0 (3, 30) < 0.001
Complicated course 51 (56.1%)°® 58 (48.2%)° 107 (23.5%) < 0.001
7-d mortality 21 (28.1%)" 18 (13.4%)° 9 (1.9%) < 0.001
28-d mortality 30 (32.9%) 23 (17.2%) 1 (4.6%) < 0.001
PICU-free days 23 (16, 26) 21 (13, 25) 3 (16, 26) 0.308
Hospital length of stay 13 (5, 27) 16 (8, 27) 3 (7, 25) 0.476
Preexisting kidney disease 3 (3.3%) 8 (6.0%) 0 (4.4%) 0.613
Day 1 oliguria 24 (26.4%) 23 (17.2%) 4 (14.1%) 0.014
D3 sepsis-associated acute 46 (50.5%) 53 (39.6%)° 123 (26.8%) < 0.001
kidney injury
Any CRRT 19 (20.8%)? 21(15.7%)® 2 (7.0%) < 0.001
Day 1 %FB 6.3 (1.8,10.2) 5.2 (2.1, 8.9) 4 (0.5, 6.5) < 0.001
Day 2 %FB 3.2 (0.0, 8.2) 3.4 (1.3, 6.9) 4 (-0.7, 3.8) < 0.001
Day 3 %FB 0.3 (-1.2,3.4) 0.3 (-2.2, 3.3) -0.1 (-1.9,2.2) 0.184
Day 4 %FB -0.8 (-3.6, 1.8) -1.3 (-4.2,1.5) 2 (-2.3,1.9) 0.066
Day 5 %FB 0.1 (-4.1,2.4) -0.1 (2.9, 1.8) -0.3 (-2.4, 1.5) 0.887
Day 6 %FB -0.4 (-2.7,1.8) -0.2 (-2.8, 2.3) -0.1 (-2.4, 1.8) 0.773
Day 7 %FB 0.1 (-1.4,3.2) -0.1 (-1.4,3.0) 2(-1.8,2.1) 0.476
Days 1-7 percent positive fluid 8.2 (1.8, 15.4) 6.8 (1.5, 15.3) 6 (0.8, 9.3) < 0.001
balance
Days to achieve daily even or 3(2,3) 3(2,3)° 2(1,2) < 0.001
negative fluid balance
Duration of CRRT (hr) 29 (21-37)° 16 (10-23) 8 (5-12) < 0.001

CRRT = continuous renal replacement therapy, %FB = percent fluid balance.
2p < 0.05 comparing high- and intermediate-mortality risk groups.
bp < 0.05 only with relative to low- mortality risk group.

increase in hazard of complicated course (adjusted probability and presence of D3 SA-AKI, but not use
hazard ratio [HR] 1.090 [95% CI, 1.013-1.172], of CRRT, were independently associated with an
p = 0.021). Importantly, PERSEVERE-II mortality increased hazard of complicated course.

Critical Care Explorations www.ccejournal.org 5
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TABLE 2.

Cox Proportional Hazard Model for Complicated Course for the Entire Cohort

Variables

Univariate models
Decade of enrollment?
Age
PERSEVERE:-II mortality probability®
CRRT
D3 SA-AKI
Days 1-7 %PFB®
Multivariable model
Decade of enrollment?®
PERSEVERE-II mortality probability
CRRT
D3 SA-AKI
Day 1-7 %PFB®

Hazard Ratio (95% CI) P
0.806 (0.484-1.341) 0.406
0.995 (0.975-1.016) 0.660
1.264 (1.169-1.367) < 0.001
1.822 (1.336-2.485) < 0.001
2.677 (2.025-3.538) < 0.001
1.109 (1.040-1.183) 0.002
0.706 (0.402-1.239) 0.225
1.145 (1.047-1.253) 0.003
1.001 (0.694-1.443) 0.997
2.272 (1.670-3.092) < 0.001
1.090 (1.013-1.172) 0.021

CRRT = continuous renal replacement therapy, %PFB = percent positive fluid balance, PERSEVERE-I| = Pediatric Sepsis Biomarker

Risk Model Il, SA-AKI = sepsis-associated acute kidney injury.
3Decade of enrollment: 2003-2013 vs. 2014-2023.
*Days 1-7 %PFB was multiplied by a factor of 10 for models.

RISK-STRATIFIED ANALYSES

Figure 2 shows days 1-7 %PFB according to occur-
rence of complicated course and PERSEVERE-II
mortality risk strata. Only patients belonging to the
high-mortality risk group with a complicated course
had higher days 1-7 %PFB. Additional details of per-
cent cumulative fluid balance according to the terminal
nodes of the CART are shown in Supplementary
Figure 2 (http://links.lww.com/CCX/B296) and de-
tailed in Supplementary Table 2 (http://links.lww.
com/CCX/B296). The interaction between percent cu-
mulative fluid balance and risk strata on complicated
courses across the cohort is detailed in Supplementary
Table 3 (http://links.Iww.com/CCX/B296). Table 3
shows the results of univariate and multivariate Cox
proportional hazard for complicated course for each
of the three risk strata. After adjusting for the poten-
tially confounding influence of D3 SA-AKI and use of
CRRT, every 10% increase in days 1-7 %PFB was as-
sociated with an increased hazard (adjusted HR 1.24
[95% CI, 1.08-1.43], p = 0.003) of complicated course
among patients belonging to high PERSEVERE-II
mortality risk, but not among those categorized as in-
termediate mortality risk (p = 0.700) or low mortality

6 www.ccejournal.org

risk (p = 0.339). This association was not influenced by
the decade of enrollment. The presence of D3 SA-AKI
was independently associated with increased hazard
of complicated course among patients with high mor-
tality and low mortality risk but not among patients
with intermediate mortality risk. Use of CRRT did not
influence risk of complicated course in any of the mor-
tality risk groups. For comparison, subgroup analyses
based on arbitrary cutoffs of PRISM-III, rather than
biomarker-risk strata, are shown in Supplementary
Table 4 (http://links.lww.com/CCX/B296).

Finally, as shown in Table 4, PERSEVERE-II mor-
tality risk-probability did not causally mediate the as-
sociation between cumulative percent PFB and time
to complicated course, with an estimate of overall pro-
portion mediated of 0.156, 95% CI of -17.11 to 0.20,
and p = 0.6.

DISCUSSION

We provide evidence that cumulative PFB is independ-
ently associated with increased hazard of death and
multiple organ dysfunctions among pediatric septic
shock patients. Further, risk-stratified analyses based
on PERSEVERE-II biomarkers demonstrated that
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Day 1-7 %PFB

of 31 observational stud-
ies and 3 randomized
trials showed an inde-

ns ns % %k .
pendent association
between positive cumu-

100 lative fluid balance and
90— mortality (26). However,
there was substantial

go- [ ® variation in adjustment
704 for confounding factors

(] with most accounting for

60 illness severity and some

50— . adjusting for use and tim-

m ing of CRRT. Few stud-
L 40 . . ies have adjusted for the
% . . . concomitant presence of
:_ 30 ‘ . AKI (27). Recent results
- 207 T T from the assessment of
> T worldwide acute kidney
g 10 injury renal angina and
0- epidemiology (AWARE)

J_ J_ J- J_ study from over 5,000

-10 critically ill ~ children
-20- ‘ o0 demonstrate that mild-
to-moderate fluid over-

=30 O load as early at the end of
-40- ® the ICU day 1 was asso-
ciated with adverse out-

-50 comes including higher

T
LOW

Complicated Course

T
INTERMEDIATE
PERSEVERE-Il Strata

= Yes 3 No

I
HIGH mortality and fewer ICU
and ventilator-free days
(10). Our current data
from a prospective ob-

servational study from

Figure 2. Days 1-7 cumulative percent fluid overload by presence of complicated course across

multiple-pediatric cen-
ters are corroborative.

Pediatric Sepsis Biomarker Risk Model (PERSEVERE)-II risk strata. Patients with a complicated

course had higher days 1-7 percent positive fluid balance (%PFB) than those without, only among

patients categorized as high PERSEVERE-II mortality risk.

this increased risk is attributable primarily to patients
categorized as having a high mortality risk. Lastly, al-
though PERSEVERE-II mortality risk strata served as
an effect modifier, our data do not indicate that these
biomarkers causally mediated the primary association
of interest.

Numerous studies among adults have sought to
address the link between PFB and clinical outcomes in
the previous decade. Data from recent meta-analyses

Critical Care Explorations

Patients meeting
syndromic criteria for
septic shock have un-
derlying clinical and biological heterogeneity.
However, few studies have considered variable
responses across critical illness subclasses or risk
strata as they pertain to cumulative fluid balance
and mortality outcomes. Through latent profile
analyses of electronic health record data, Zhang
et al (12) showed that sepsis “profile 3,” charac-
terized by shock and multiple organ dysfunctions,
demonstrated a survival benefit with a higher
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TABLE 3.

Cox Proportional Hazard Models for Complicated Course by Pediatric Sepsis Biomarker

Risk Model |l Mortality Risk Strata

High Risk

Pediatric Sepsis Biomarker
Risk Model Il Risk Strata

HR (95% CI)

Intermediate Risk Low Risk

Univariate models

Decade of enrollment? 0.79 (0.28-2.19) 0.651
Age 1.00 (0.96-1.03) 0.787
Any CRRT 1.04 (0.57-1.88) 0.898
D3 SA-AKI 2.18 (1.14-4.19) 0.019
Days 1-7 %PFB® 1.24 (1.08-1.42) 0.002
Multivariable model
Decade of enrollment? 0.72 (0.22-2.42) 0.600
Any CRRT 0.62 (0.31-1.23) 0.170
D3 SA-AKI 2.28 (1.10-4.74)  0.027
Days 1-7 %PFB® 1.24 (1.08-1.43) 0.003

HR (95% CI) HR (95% ClI)
0.92 (0.40-2.14) 0.846 0.66 (0.29-1.51) 0.323
1.01 (0.97-1.05) 0.644 0.99 (0.96-1.02) 0.427
1.65 (0.94-2.90) 0.084 2.00 (1.23-3.25) 0.005
1.84 (1.10-3.10) 0.021 2.94 (1.99-4.35) < 0.001
1.04 (0.94-1.16) 0.453 1.09 (0.94-1.26) 0.282
0.78 (0.30-2.06) 0.621 0.71 (0.31-1.62) 0.412
1.67 (0.84-2.91) 0.155 1.27 (0.76-2.14) 0.363
1.48 (0.84-2.60) 0.177 2.67 (1.77-4.02) < 0.001
1.02 (0.91-1.15) 0.700 1.08 (0.92-1.27) 0.339

CRRT = continuous renal replacement therapy, HR = hazard ratio, %PFB = percent positive fluid balance, SA-AKI = sepsis-associated

acute kidney injury.
?Decade of enrollment: 2003-2013 vs. 2014-2023.
*Days 1-7 %PFB was multiplied by a factor of 10 for models.

TABLE 4.

Causal Mediation Analyses Testing Whether Pediatric Sepsis Biomarker Risk Model ||
Mortality Risk Probability Mediated the Relationship Between Cumulative Fluid Overload

and Risk of Complicated Course

Mean Survival Ratio Estimate (sE)

Controlled direct effect 1.033 (0.07)
Pure natural direct effect 1.033 (0.07)
Total natural direct effect 1.033 (0.07)
Pure natural indirect effect 1.006 (0.01)
Total natural indirect effect 1.006 (0.01)
Total effect 1.040 (0.08)
Overall proportion mediated 0.156 (7.01)

95% ClI p
0.98 to 1.20 0.2
0.98 to 1.20 0.2
0.98 to 1.20 0.2
0.99 to 1.03 0.4
0.99 to 1.03 0.4
1.00 to 1.24 0.2

-17.11 to 0.20 0.6

Models were adjusted for D3 sepsis-associated acute kidney injury and renal replacement therapy use as covariates.

cumulative fluid balance in the first 48 hours. In
contrast, “profile 4” demonstrated an increased
odds of death with a more PFB. Wang et al (28)
studied fluid balance trajectories among critically
ill patients a significant proportion of whom had
sepsis. They demonstrated that relative to patients
with a low fluid balance, those with a high fluid
balance demonstrated an increased odds of
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mortality. In contrast, patients with a “decreas-
ing” fluid balance trajectory demonstrated a sur-
vival benefit.

Our data contradict those previously published by
our group, where we reported worse outcomes with
high PFB among those categorized as having a low
mortality risk strata based on PERSEVERE biomark-
ers, but not among those categorized as intermediate
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or high-risk (16). There are several important con-
tributors to the differences in direction of associa-
tion. The use of multivariable models that account for
D3 SA-AKI and CRRT in the current study is likely
to have contributed to the lack of association previ-
ously reported among low-risk patients. Further, the
larger sample size of high-risk patients allowed us to
detect statistically significant differences among this
subgroup of patients. Finally, the statistical approaches
used as entirely different. The previous study used a
denominator of 7 days irrespective of the number of
actual days patients remained in the ICU, likely biasing
cumulative PFB among high-risk patients, who had
also had an increased risk of early death, toward the
null. In contrast, in the current study, we used multi-
variate Cox proportional hazards model to account for
the competing influence of early death on ICU length
of stay and on the primary association of interest.

An advantage of our data is that biomarkers were
collected on day 1 of illness with subsequent assess-
ment of cumulative fluid balance. Our data show that
patients with the highest burden of systemic inflam-
mation as indicated by PERSEVERE-II biomarkers on
day 1 of illness, were more likely to have had a PFB in
the postresuscitative and stabilization phases of septic
shock and the worst outcomes.

As such our data indicate that PERSEVERE-II mor-
tality risk served as an effect modifier but did not caus-
ally mediate the primary association of interest. Recent
work by our group indicates that patients deemed
high-risk based on PERSEVERE-II biomarkers also
had the greatest degree of endothelial dysfunction
with significant elevations of serum angiopoietin-2/
tie-2 ratio, which is known to mediate capillary leak
(29). In future independent studies, we will seek to test
whether endothelial biomarkers play a causal role be-
tween cumulative PFB and risk of complicated course.

A recent randomized trial of restrictive versus
standard fluid management among adult patients
with septic shock demonstrated no mortality benefit
(30). Results of similar studies among pediatric septic
shock patients randomized to fluid-sparing resuscita-
tion strategy with early initiation of vasoactive support
are eagerly awaited (31). Incorporation of prognostic
enrichment strategies, including PERSEVERE-II bio-
markers within the framework of randomized trials
holds potential to show quantitative heterogeneity
in treatment effect across risk strata. Pending such

Critical Care Explorations

validation, it is plausible that PERSEVERE-II-based
risk stratification may inform the targeted applica-
tion of interventions such as restrictive fluid manage-
ment with early initiation of vasoactive support, early
de-escalation, and/or deresuscitation strategies among
patients deemed high-risk.

Our study has several limitations: 1) data on resus-
citative fluids received outside of the PICU were not
available and thus not included. It is thus likely that
cumulative percent PFB was significantly underes-
timated biasing the results toward the null. 2) fluid
choice (crystalloid vs colloid, isotonic vs. nonisotonic)
was not documented and could not be accounted for,
3) CRRT prescription data were not available, 4) given
the relatively limited number of patients on CRRT,
we did not adjust for duration and timing of CRRT in
multivariate regression models. Each of these poten-
tially confounding variables has been shown in other
studies to potentially influence the association be-
tween post-ICU admission PFB and clinical outcomes
(5). Finally, we imputed baseline SCr values in the co-
hort. However, only a small fraction of patients in the
cohort had known preexisting kidney disease, and we
therefore believe that this is less likely to have influ-
enced the association of interest tested.

CONCLUSIONS

Cumulative PFB is independently associated with
worse clinical outcomes among children with septic
shock after adjusting for illness severity, presence of
severe AKI, and use of CRRT. Risk-stratified analy-
ses demonstrated that patients with a high mortality
risk, based on PERSEVERE-II biomarkers, prima-
rily contributed to this association. Incorporation of
prognostic enrichment tools, including measurement
of PERSEVERE-II biomarkers, in randomized trials
of restrictive fluid management with early initiation of
vasoactive or early de-escalation and deresuscitation
strategies, may inform targeted application of such
interventions among those at high risk.

The authors are deeply indebted to the contributions
of Dr. Hector Wong. Dr. Wong’s National Institutes of
Health R35GM126943 award funded this work. The
latter was transferred to Dr. Alder upon Dr. Wong’s un-
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www.ccejournal.org 9



Atreya et al

Grunwell (Children’s Healthcare of Atlanta at Egleston,
Atlanta, GA) contributed to patient recruitment but
did not contribute to the article. Kelli Harmon and
Patrick Lahni maintained the biobank and conducted
experiments, respectively.

1 Division of Critical Care Medicine, Cincinnati Children’s
Hospital Medical Center Cincinnati, Cincinnati, OH.

2 Department of Pediatrics, University of Cincinnati College of
Medicine, Cincinnati, OH.

3 Department of Pediatrics, UCSF Benioff Children’s Hospital
Oakland, Oakland, CA.

4 Department of Pediatrics, Children’s Hospital of Philadelphia,
Philadelphia, PA.

5 Department of Pediatrics, Nemours Children’s Hospital,
Wilmington, DE.

6 Department of Pediatrics, Akron Children’s Hospital, Akron,
OH.

7 Department of Pediatrics, Texas Children’s Hospital and
Baylor College of Medicine, Houston, TX.

8 Department of Pediatrics, Riley Hospital for Children,
Indianapolis, IN.

9 Department of Pediatrics, Children’s Hospital and Clinics of
Minnesota, Minneapolis, MN.

10 Department of Pediatrics, Penn State Hershey Children's
Hospital, Hershey, PA.

11 Department of Pediatrics, University of Florida Health
Shands Children’s Hospital, Gainesville, FL.

12 Department of Pediatrics, CS Mott Children’s Hospital at
the University of Michigan, Ann Arbor, MI.

13 Department of Pediatrics, Lucile Packard Children’s Hospital
Stanford, Palo Alto, CA.

14 Division of Biostatistics and Epidemiology, Cincinnati
Children’s Hospital Medical Center Cincinnati, Cincinnati,
OH.

15 Division of Nephrology, Cincinnati Children's Hospital
Medical Center and Cincinnati Children’s Research
Foundation, Cincinnati, OH.

Supplemental digital content is available for this article. Direct
URL citations appear in the printed text and are provided in the
HTML and PDF versions of this article on the journal’s website
(http://journals.lww.com/ccejournal).

Dr. Atreya and Cincinnati Children’s Hospital (CCHMC)
hold a provisional patent for a unified biomarker model—
PERSEVERENCE that incorporates Pediatric Sepsis Biomarker
Risk Model (PERSEVERE) and endothelial dysfunction mark-
ers to predict the risk of multiple organ dysfunctions in sepsis.
Dr. Atreya received funding through the Cincinnati Children’s
Research Foundation (CCRF) Procter-Scholar Award. Dr.
Stanski and CCHMC hold a provisional patent for the use of
PERSEVERE biomarkers in sepsis-associated acute kidney in-
jury. Dr. Stanski is supported by the National Center for Advancing
Translational Sciences of the National Institutes of Health (NIH)
(KL2TR001426). Dr. Atreya, Dr. Stanski, and CCHMC hold a
provisional patent for PERSEVERENCE sepsis-associated acute

10 www.ccejournal.org

kidney injury model to identify high-risk patients for microvascular
modulating therapies. Dr. Fitzgerald, Dr. Weiss, Dr. Haileselassie,
Dr. Quasney, and Dr. Alder received funding from the NIH.

For information regarding this article, E-mail: Mihir.Atreya@
cchmce.org

REFERENCES

1. Rudd KE, Johnson SC, Agesa KM, et al: Global, regional,
and national sepsis incidence and mortality, 1990-2017:
Analysis for the global burden of disease study. Lancet 2020;
396:200-211

2. Joffre J, Hellman J, Ince C, et al: Endothelial responses in
sepsis. Am J Respir Crit Care Med 2020; 202:361-370

3. Messina A, Bakker J, Chew M, et al: Pathophysiology of fluid
administration in critically ill patients. Intensive Care Med Exp
2022; 10:46

4. Vincent J-L, Sakr Y, Sprung CL, et al; Sepsis Occurrence in
Acutely Il Patients Investigators: Sepsis in European intensive
care units: Results of the SOAP study. Crit Care Med 2006;
34:344-353

5. Acheampong A, Vincent J-L: A positive fluid balance is an in-
dependent prognostic factor in patients with sepsis. Crit Care
2015; 19:261

6. Lee J, de Louw E, Niemi M, et al: Association between fluid
balance and survival in critically ill patients. J Intern Med 2015;
277:468-477

7. Sakr Y, Rubatto Birri PN, Kotfis K, et al; Intensive Care Over
Nations Investigators: Higher fluid balance increases the risk
of death from sepsis: Results from a large international audit”.
Crit Care Med 2017; 45:386-394

8. Alobaidi R, Basu RK, DeCaen A, et al: Fluid accumulation in
critically ill children. Crit Care Med 2020; 48:1034-1041

9. Wang T-J, Pai K-C, Huang C-T, et al: A positive fluid balance in
the first week was associated with increased long-term mor-
tality in critically ill patients: A retrospective cohort study. Front
Med 2022; 9:727103. Available at: https://www.frontiersin.
org/articles/10.3389/fmed.2022.727103. Accessed July 27,
2022

10. Selewski DT, Gist KM, Basu RK, et al; Assessment of the
Worldwide Acute Kidney Injury, Renal Angina and Epidemiology
(AWARE) Investigators: Impact of the magnitude and timing of
fluid overload on outcomes in critically ill children: A report
from the multicenter international assessment of worldwide
acute kidney injury, renal angina, and epidemiology (AWARE)
study. Crit Care Med 2023; 51:606-618

11. Silversides JA, Major E, Ferguson AJ, et al: Conservative fluid
management or deresuscitation for patients with sepsis or
acute respiratory distress syndrome following the resuscita-
tion phase of critical illness: A systematic review and meta-
analysis. Intensive Care Med 2017; 43:1565-170

12. Zhang Z, Zhang G, Goyal H, et al: Identification of subclasses of
sepsis that showed different clinical outcomes and responses
to amount of fluid resuscitation: A latent profile analysis. Crit
Care 2018; 22:347

13. Zhang Z, Ho K, Hong Y: Machine learning for the prediction of
volume responsiveness in patients with oliguric acute kidney
injury in critical care. Crit Care 2019; 23:112

January 2024 ¢ Volume 6 * Number 1


http://journals.lww.com/ccejournal
mailto:Mihir.Atreya@cchmc.org
mailto:Mihir.Atreya@cchmc.org
https://www.frontiersin.org/articles/10.3389/fmed.2022.727103
https://www.frontiersin.org/articles/10.3389/fmed.2022.727103

Observational Study

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ma B, Liu J, Shen F et al: Individualized resuscitation strategy
for septic shock formalized by finite mixture modeling and dy-
namic treatment regimen. Crit Care 2021; 25:243

Wong HR, Caldwell JT, Cvijanovich NZ, et al: Prospective clin-
ical testing and experimental validation of the pediatric sepsis
biomarker risk model. Sci Transl Med 2019; 11:eaax9000.
Available  at:  https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC7720682/. Accessed March 15, 2021

Abulebda K, Cvijanovich NZ, Thomas NJ, et al: Post-ICU ad-
mission fluid balance and pediatric septic shock outcomes: A
risk-stratified analysis. Crit Care Med 2014; 42:397-403

Stanski NL, Stenson EK, Cvijanovich NZ, et al: PERSEVERE
biomarkers predict severe acute kidney injury and renal re-
covery in pediatric septic shock. Am J Respir Crit Care Med
2020; 201:848-8b5

Atreya MR, Cvijanovich NZ, Fitzgerald JC, et al: Integrated
PERSEVERE and endothelial biomarker risk model predicts
death and persistent MODS in pediatric septic shock: A sec-
ondary analysis of a prospective observational study. Crit Care
2022, 26:210

Goldstein B, Giroir B, Randolph A; International Consensus
Conference on Pediatric Sepsis: International pediatric
sepsis consensus conference: Definitions for sepsis and
organ dysfunction in pediatrics. Pediatr Crit Care Med
2005; 6:2-8

Pollack MM, Patel KM, Ruttimann UE: The pediatric risk of
mortality Ill—acute physiology score (PRISM III-FAPS): A
method of assessing physiologic instability for pediatric inten-
sive care unit patients. J Pediatr 1997; 131:575-581

Kellum JA, Lameire N, Aspelin P et al: Kidney disease:
Improving global outcomes (KDIGO) acute kidney injury work
group KDIGO clinical practice guideline for acute kidney in-
jury. Kidney Int Suppl 2012; 2:1-138

Zappitelli M, Parikh CR, Akcan-Arikan A, et al: Ascertainment
and epidemiology of acute kidney injury varies with definition
interpretation. Clin J Am Soc Nephrol 2008; 3:948-954

Critical Care Explorations

23.

24,

25.

26.

1.

28.

29,

30.

31.

Kaddourah A, Basu RK, Bagshaw SM, et al; AWARE
Investigators: Epidemiology of acute kidney injury in critically
ill children and young adults. N Engl J Med 2017; 376:11-20
Wong HR, Cvijanovich NZ, Anas N, et al: PERSEVERE-II:
Redefining the pediatric sepsis biomarker risk model with
septic shock phenotype. Crit Care Med 2016; 44:2010-2017
Shi B, Choirat C, Coull BA, et al: CMAverse: A suite of func-
tions for reproducible causal mediation analyses. Epidemiology
2021; 32:e20-e22

Messmer AS, Zingg C, Miller M, et al: Fluid overload and mor-
tality in adult critical care patients—a systematic review and
meta-analysis of observational studies. Crit Care Med 2020;
48:1862-1870

Neyra JA, Li X, Canepa-Escaro F, et al; Acute Kidney Injury in
Critical lliness Study Group: Cumulative fluid balance and mor-
tality in septic patients with or without acute kidney injury and
chronic kidney disease”. Crit Care Med 2016; 44:1891-1900
Wang M-P, Jiang L, Zhu B, et al; China Critical Care Sepsis
Trial (CCCST) workgroup: Association of fluid balance trajec-
tories with clinical outcomes in patients with septic shock: A
prospective multicenter cohort study. Mil Med Res 2021; 8:40

Atreya MR, Cvijanovich NZ, Fitzgerald JC, et al: Prognostic
and predictive value of endothelial dysfunction biomarkers in
sepsis-associated acute kidney injury: Risk-stratified analysis
from a prospective observational cohort of pediatric septic
shock. Crit Care 2023; 27:260

Meyhoff TS, Hjortrup PB, Wetterslev J, et al; CLASSIC Trial
Group: Restriction of intravenous fluid in ICU patients with
septic shock. N Engl J Med 2022; 386:2459-2470

Parker MJ, Thabane L, Fox-Robichaud A, et al; Canadian
Critical Care Trials Group and the Canadian Critical Care
Translational Biology Group: A trial to determine whether
septic shock-reversal is quicker in pediatric patients random-
ized to an early goal-directed fluid-sparing strategy versus
usual care (SQUEEZE): Study protocol for a pilot randomized
controlled trial. Trials 2016; 17:556

www.ccejournal.org 11


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7720682/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7720682/

