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Abstract

Rationale: Acute kidney injury (AKI), a common complication
of sepsis, is associated with substantial morbidity and mortality
and lacks definitive disease-modifying therapy. Early, reliable
identification of at-risk patients is important for targeted
implementation of renal protective measures. The updated
Pediatric Sepsis Biomarker Risk Model (PERSEVERE-II) is
a validated, multibiomarker prognostic enrichment strategy
to estimate baseline mortality risk in pediatric septic
shock.

Objectives: To assess the association between PERSEVERE-II
mortality probability and the development of severe, sepsis-
associated AKI on Day 3 (D3 SA-AKI) in pediatric septic
shock.

Methods:We performed secondary analysis of a prospective
observational study of children with septic shock in whom the
PERSEVERE biomarkers were measured to assign a PERSEVERE-II
baseline mortality risk.

Measurements andMain Results:Among 379 patients, 65 (17%)
developed severe D3 SA-AKI. The proportion of patients developing
severe D3 SA-AKI increased directly with increasing PERSEVERE-II
risk category, and increasing PERSEVERE-II mortality probability was
independently associatedwith increasedoddsof severeD3SA-AKIafter
adjustment for age and illness severity (odds ratio, 1.4; 95% confidence
interval, 1.2–1.7; P, 0.001). Similar associations were found between
increasing PERSEVERE-II mortality probability and the need for renal
replacement therapy. Lower PERSEVERE-II mortality probability was
independently associated with increased odds of renal recovery among
patients with early AKI. A newly derived model incorporating the
PERSEVEREbiomarkers andDay 1AKI statuspredicted severeD3 SA-
AKI with an area under the received operating characteristic curve of
0.95 (95% confidence interval, 0.92–0.98).

Conclusions: Among children with septic shock, the PERSEVERE
biomarkers predict severeD3 SA-AKI and identify patients with early
AKI who are likely to recover.
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Septic shock is a common and consequential
diagnosis in critically ill adults and children
that is associated with significant morbidity,
mortality, and substantial cost to the
healthcare system (1–3). Similarly, acute
kidney injury (AKI) affects up to half of
patients admitted to the ICU, increasing the
risk of poor outcomes in those afflicted
(4–6). Given the substantial independent
consequences of these conditions, it is not
surprising that the coincidence of septic
shock and AKI is associated with even
worse outcomes than either condition
alone, with mortality rates as high as 70%
cited in some studies (7–11). Sepsis-
associated AKI (SA-AKI) is a common
phenomenon that affects up to half of all
critically ill patients admitted with a
diagnosis of septic shock (7–11).

Compounding the significant
consequences of SA-AKI is the lack of
available disease-modifying therapies once
present. As a result, the mainstay of therapy
remains supportive care aimed at renal
protection, which is likely more effective if
coupled with early detection of at-risk

patients (7). Although epidemiologic data
are available to suggest certain patient
characteristics that may predispose to SA-
AKI (12–14), more advanced attempts to
identify those at risk have not resulted in a
reliable prediction strategy thus far (15–22).
Consequently, SA-AKI remains difficult to
accurately predict in a time frame that is
clinically useful, resulting in late application
of renal-protective measures that have
uncertain benefit.

Part of the difficulty in both predicting
SA-AKI and developing successful
treatment strategies is the complex
pathophysiology of the disease itself. Sepsis
is known to be a heterogeneous disease
process (23, 24); therefore, it is reasonable
to suspect that SA-AKI is similarly
heterogeneous (7, 25, 26). As such, it is
likely that the development of precision
medicine strategies for SA-AKI will rely on
an understanding of the underlying sepsis
molecular signature of a given patient.

The Pediatric Sepsis Biomarker Risk
Model (PERSEVERE) is a validated
multibiomarker stratification tool for
estimating the baseline risk of mortality
among children with septic shock (27, 28).
PERSEVERE-II is an updated version of the
model that incorporates admission platelet
count as an additional predictor variable
and that was recently shown to outperform
PERSEVERE in a prospectively enrolled
cohort (27).

Given the knowledge gaps related to
SA-AKI pathophysiology and prediction,
we examined the association between
PERSEVERE-II mortality probability and
the development of severe SA-AKI at Day 3
of septic shock (D3 SA-AKI), a clinically
relevant time point in the evolution of AKI
(29). Furthermore, we sought to develop
a model for estimating the risk of severe
D3 SA-AKI, based on the premise that a
reliable model would have clinical utility for
targeted implementation of renal protective
measures. Some results of this study have
been presented previously in the form of
abstracts (30, 31).

Methods

Study Design and Patient Selection
We conducted a secondary analysis of a
prospective observational cohort study of
children admitted with septic shock to 14
pediatric ICUs (PICUs) in the United States
from January 2015 to December 2018 (27).

The study protocol was approved by
the institutional review board at each
participating institution and was previously
described in detail (28, 32). Briefly, patients
between the ages of 1 week and 18 years
were enrolled after obtaining informed
consent from parents or legal guardians.
The inclusion criteria were based on
pediatric-specific consensus criteria (33);
there were no exclusion criteria other than
the inability to obtain informed consent.
Clinical and laboratory data were collected
daily while in the PICU. Mortality was
tracked for 28 days after enrollment. PICU-
free days were calculated by subtracting
the number of days in the PICU from a
maximum of 28 days. Patients with a PICU
length of stay greater than 28 days or those
who died by 28 days were assigned a value
of 0 PICU-free days.

Patients from the original study
(n= 461) were included in the analyses if
they had serum creatinine (SCr) data
available from both admission (Day 1) and
Day 3 of septic shock (n= 328). We also
included patients who had been discharged
from the PICU alive before Day 3 and
without evidence of AKI (n= 51); these
patients were presumed not to have AKI on
Day 3. We excluded patients without any
SCr data, those still admitted to the PICU
on Day 3 of septic shock but with missing
Day 3 SCr values, those discharged from
the PICU alive before Day 3 with evidence
of AKI, and those with preexisting kidney
disease (n= 82).

Primary Outcome
The primary outcome of interest was the
development of severe D3 SA-AKI. Severe
SA-AKI was defined as Kidney Disease
Improving Global Outcomes (KDIGO) stage
2 AKI or higher, which is at least a twofold
increase in SCr from baseline (25). Day 3
was selected based on the definition of
persistent AKI provided by the 16th
Consensus Conference of the Acute Dialysis
Quality Initiative, which is kidney injury
sustained beyond 48 hours, well documented
to be associated with poor outcomes (29).

Baseline SCr was estimated for each
patient using calculated body surface area
(in square meters) and an estimated
glomerular filtration rate of 120 mL/min
per 1.73 m2, as validated in the literature
(6, 34). When patient height data were
unavailable (n= 20), the age-based Pottel
method was used; this method was recently
validated as a reliable height-independent

At a Glance Commentary

Scientific Knowledge on the
Subject: Acute kidney injury is a
common complication of pediatric
septic shock that is known to be
associated with poor outcomes;
however, no effective disease-
modifying therapies have been
identified. Consequently,
implementation of renal-protective
strategies and supportive care remain
the mainstays of therapy, but we
currently lack adequate tools to identify
patients most likely to benefit from
these interventions.

What This Study Adds to the Field:
We developed a clinically useful tool
for the prediction of pediatric
sepsis–associated acute kidney injury
using the Pediatric Sepsis Biomarker
Risk Model (PERSEVERE) biomarkers
and clinical data collected in the first
24 hours of admission. Pending
prospective validation, this tool could
be utilized to identify both high- and
low-risk patients to personalize care
and inform future clinical trial
enrollment.

ORIGINAL ARTICLE

Stanski, Stenson, Cvijanovich, et al: PERSEVERE Predicts AKI in Sepsis 849



method for estimating baseline SCr in
children (35).

Secondary Outcomes
Secondary outcomes included the incidence
of renal replacement therapy (RRT) use
and of renal recovery by Day 3 of septic
shock. Renal recovery was defined as any
improvement of AKI stage by Day 3 among
patients with early AKI, which was defined
as KDIGO stage 1 or higher on Day 1 or 2 of
septic shock.

PERSEVERE Biomarkers and
Baseline Mortality Risk Assignment
The PERSEVERE biomarkers—C-C
chemokine ligand 3, GZMB (granzyme B),
HSPA1B (heat shock protein 70 kD 1B),
IL-8, and matrix metallopeptidase 8—were
measured from serum samples obtained
within 24 hours of a septic shock diagnosis,
as described previously (27, 28). Using the
biomarker data and admission platelet
counts, each patient was classified
according to the previously published and
validated PERSEVERE-II decision tree,
which was derived using classification and
regression tree methodology (36). Using
prespecified biomarker concentration
and platelet count decision rules, the
PERSEVERE-II decision tree assigns
patients to terminal nodes, each of which
provides a prespecified baseline mortality
probability ranging from 0.000 to 0.571.
The PERSEVERE-II–derived mortality
probabilities were used for the logistic

regression and modeling procedures
described next. In other analyses, patients
were grouped into one of three previously
defined PERSEVERE-II–based categorical
mortality risk strata: low risk (mortality
probability, 0.000–0.019), intermediate risk
(mortality probability, 0.167–0.189), and
high risk (mortality probability,
0.300–0.571) (27).

Statistical Analysis and Modeling
Data were initially described using medians,
interquartile ranges, frequencies, and
percentages. Comparisons between groups
were performed using Wilcoxon rank sum,
x2, or Fisher exact test, as appropriate.
Multivariable logistic regression analyses
were performed to assess the ability of
PERSEVERE-II mortality probability to
predict the development of severe D3 SA-
AKI, the need for RRT use, and Day 3 renal
recovery, after correction for severity of
illness (Pediatric Risk of Mortality III score
[PRISM III score], which incorporates 17
physiologic variables to predict PICU
mortality risk) and patient age, which are
potential confounders of interest. A P value of
,0.05 was considered statistically significant.
All statistical analyses were performed
using Sigmaplot 14.0 (Systat Software).

We used classification and regression
tree methodology to derive a new model
estimating the probability of severe D3 SA-
AKI (Salford Predictive Modeler v8.0;
Salford Systems). Predictor variables
included Day 1 KDIGO AKI stage,

PERSEVERE-II mortality probability, and
the PERSEVERE biomarkers. We pruned
terminal nodes having ,5% of the patients
in the root node and terminal nodes that
did not improve classification, based on the
class probability method. Weighting of
cases and costs for misclassification was not
used. Performance of the derived model is
reported using diagnostic test statistics and
was tested using a 10-fold cross-validation
procedure. Model performance was further
tested using a historical cohort of children
with septic shock previously reported in a
study evaluating the association between
hyperchloremia and severe D3 SA-AKI
(37). The historical cohort was enrolled
between 2002 and 2015. Among the 691
participants reported in that previous study,
461 had PERSEVERE-II data, and among
those were 102 (21%) with D3 SA-AKI. Net
reclassification improvement (NRI) was
used to estimate the incremental predictive
ability of the newly derived model, relative
to knowing the Day 1 AKI status alone (38).
The NRI was computed using the R
package Hmisc (39).

Results

Baseline Characteristics
The study cohort consisted of 379 patients,
of whom 65 (17%) had severe D3 SA-
AKI. Table 1 provides the clinical and
demographic characteristics of the cohort
according to the presence of severe D3 SA-
AKI. Compared with those without severe
D3 SA-AKI, patients with severe D3 SA-
AKI had higher PRISM III scores, higher
PERSEVERE-II mortality probabilities,
higher 28-day mortality, greater PICU
length of stay, and fewer PICU-free days.
No other differences were noted.

Primary Analysis
The primary analysis focused on the
association between PERSEVERE-II
mortality probability and severe D3 SA-AKI.
The proportion of patients who developed
severe D3 SA-AKI increased directly with
PERSEVERE-II risk assignment category
(Figure 1A and Table E1 in the online
supplement). To further assess the
association between PERSEVERE-II
mortality probability and the development
of severe D3 SA-AKI, we conducted
multivariable logistic regression (Table 2).
After adjusting for PRISM III and age, the

Table 1. Clinical and Demographic Variables according to the Presence of Severe AKI
on Day 3 of Septic Shock

Variable No Severe D3 SA-AKI Severe D3 SA-AKI P Value

n (%) 314 (83) 65 (17) —
Age, yr* 6.5 (2.5–12.4) 5.1 (1.3–13.5) 0.32
Sex, M, n (%) 162 (52) 33 (51) 0.99
PRISM III* 10 (6–14) 14 (10–20.5) ,0.001
PERSEVERE II mortality risk* 0.007 (0.007–0.167) 0.189 (0.019–0.33) ,0.001
Organism, n (%)
Gram positive 68 (22) 13 (20) 0.90
Gram negative 77 (25) 19 (29) 0.52
Viral 23 (7) 6 (9) 0.79
Fungal 6 (2) 4 (6) 0.13
None 140 (45) 23 (35) 0.22

Mortality, n (%) 18 (6) 24 (37) ,0.001
PICU LOS, d* 6 (3–12) 10 (7–21) ,0.001
PICU-free days* 22 (14–25) 5 (0–19) ,0.001

Definition of abbreviations: D3 SA-AKI = sepsis-associated acute kidney injury on Day 3; LOS= length
of stay; PERSEVERE-II = updated Pediatric Sepsis Biomarker Risk Model; PICU=pediatric ICU;
PRISM III = Pediatric Risk of Mortality score.
*Continuous variables are reported as median (interquartile range).
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PERSEVERE-II mortality probability was
independently associated with increased
odds of severe D3 SA-AKI.

Secondary Analyses
We assessed the requirement for RRT and
incidence of renal recovery as secondary
outcomes. Among the 379 patients in the
cohort, 38 (10%) required RRT. Similar to
severe D3 SA-AKI, the incidence of RRT
use increased directly with increasing
PERSEVERE-II mortality risk category
(Figure 1B and Table E1). After adjusting
for age and PRISM III, the PERSEVERE-II
mortality probability was independently
associated with increased odds of needing
RRT (Table 2).

In total, 131 patients (35%) had early
AKI. Among these patients, the proportion
who had renal recovery by Day 3 decreased
directly with PERSEVERE-II risk
assignment category (Figure 1C and Table
E1). After adjusting for PRISM III and
age, a lower PERSEVERE-II mortality
probability was independently associated
with increased odds of renal recovery by
Day 3 of septic shock (Table 2).

Estimating the Risk of Severe D3

SA-AKI
The data suggest that PERSEVERE-II, or
the PERSEVERE biomarkers, could have
clinical utility for identifying children at risk
for severe D3 SA-AKI and those who have

evidence of AKI in the first 48 hours but
will recover by Day 3 of septic shock. The
PERSEVERE-II mortality probability had
an area under the receiver operating
characteristic curve (AUROC) of 0.73
(95% confidence interval [CI], 0.66–0.79;
P, 0.001) for discriminating between
patients with and without severe D3 SA-
AKI. This AUROC reflects a sensitivity of
62% (95% CI, 49–73%) and a specificity of
69% (95% CI, 63–74).

Although the AUROC of PERSEVERE-
II for predicting severe D3 SA-AKI is
statistically significant, the corresponding
sensitivity and specificity are not
sufficiently robust to inform clinical
decision making. Accordingly, we derived
a new model, using the PERSEVERE
biomarkers and AKI status at admission, to
more reliably estimate the risk of severe
D3 SA-AKI. The severity of AKI on Day
1 of septic shock by itself had reasonable
performance for discriminating between
patients with and without severe D3 SA-
AKI (AUROC, 0.87; 95% CI, 0.82–0.93).
Accordingly, we conducted our modeling
procedures with the prespecified goal of
significantly improving on this
performance.

Figure 2 shows the classification and
regression tree–derived model. Day 1 AKI
status informed the first-level decision rule.
Patients with KDIGO stage 3 AKI on Day 1
had a 0.83 probability of having severe D3

SA-AKI (terminal node 7, right side of the
decision tree). The remaining patients,
those with KDIGO stage 0, 1, or 2 on Day 1,
occupy the left side of the decision tree.
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Figure 1. The incidence of severe sepsis-associated acute kidney injury (AKI) on Day 3, renal replacement therapy (RRT) use, and renal recovery from
early AKI according to the updated Pediatric Sepsis Biomarker Risk Model (PERSEVERE-II) risk category. The cohort was grouped into one of three
PERSEVERE-II risk categories: low risk (mortality risk, 0.000–0.019), intermediate risk (mortality risk, 0.167–0.189), and high risk (mortality risk,
0.300–0.571). (A) Proportion of patients with severe sepsis-associated AKI on Day 3 (P, 0.001, x2, 2 degrees of freedom [df ]). (B) Proportion of patients
requiring RRT (P,0.001, x2, 2 df ). (C) Proportion of patients with renal recovery by Day 3 of septic shock (P=0.039, x2, 2 df ).

Table 2. Multivariable Logistic Regression Testing for an Association between
PERSEVERE-II Mortality Probability and Septic Shock–associated Acute Kidney Injury
Outcomes

Outcome Variable n Odds Ratio 95% CI P Value

Severe D3 SA-AKI PERSEVERE-II* 379 1.4 1.2–1.7 ,0.001
PRISM III 1.1 1.0–1.1 ,0.001
Age (yr) 1.0 0.9–1.0 0.972

RRT use PERSEVERE-II* 379 1.6 1.3–2.0 ,0.001
PRISM III 1.1 1.0–1.1 0.003
Age (yr) 1.0 1.0–1.1 0.581

Day 3 renal recovery PERSEVERE-II* 131 1.3† 1.0–1.6 0.047
PRISM III 1.0 0.9–1.1 0.745
Age (yr) 1.0 0.9–1.1 0.962

Definition of abbreviations: CI = confidence interval; D3 SA-AKI = sepsis-associated acute kidney injury
on Day 3; PERSEVERE-II = updated Pediatric Sepsis Biomarker Risk Model; PRISM III = Pediatric
Risk of Mortality score; RRT= renal replacement therapy.
*The raw PERSEVERE-II mortality probability was transformed by a factor of 10 for the logistic
regression analyses.
†Lower PERSEVERE-II mortality probability associated with increased odds of renal recovery.
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Among these patients, the PERSEVERE-II
mortality probability, HSPA1B, GZMB, and
IL-8 added to the predictive capacity for
severe D3 SA-AKI. The AUROC of the
decision tree for discriminating between
patients with and without severe D3

SA-AKI was 0.95 (95% CI, 0.92–0.98).
Table 3 shows the other diagnostic test
characteristics of the decision tree for
estimating the risk of severe D3 SA-AKI,
compared with Day 1 KDIGO status alone.
Among the 5 false-negative participants in
the model, only 1 required RRT and all
survived to 28 days.

The AUROC of the derived model was
superior to that of Day 1 AKI status alone
(P= 0.001). The NRI of the model, relative
to Day 1 AKI status alone, was 1.0 (95% CI,
0.8–1.2; P, 0.001). This NRI reflected an
NRI for events of 0.3 (95% CI, 0.1–0.4;
P, 0.001) and for nonevents of 0.7 (95%
CI, 0.6–0.8; P, 0.001).

On 10-fold cross-validation, the
decision tree had a summary AUROC of
0.88. When tested in the historical test
cohort (n= 461), the decision tree had an
AUROC of 0.83 (95% CI, 0.79–0.88;
P, 0.001).

Discussion

In this secondary analysis of a large
prospective study of critically ill children
with septic shock, we found that the
PERSEVERE-II baseline mortality
probability was associated with
development of severe D3 SA-AKI. The
proportion of patients developing severe
D3 SA-AKI increased directly with
increasing PERSEVERE-II mortality risk
category. In addition, the PERSEVERE-II
mortality probability was independently
associated with severe D3 SA-AKI after

ROOT
N = 379

Severe AKI
YES 65
NO 314 0.828

0.172
# Prob.

Day 1 KDIGO Stage
0, 1, or 2

Severe AKI
YES 26
NO 306 0.922

0.078
# Prob.

Day 1 KDIGO Stage
3

Severe AKI
YES 39
NO 8 0.170

0.830

TN1 TN4

TN7

TN2 TN3 TN5 TN6

# Prob.

PERSEVERE II Mortality
Probability > 0.019

Severe AKI
YES 14
NO 95 0.872

0.128
# Prob.

PERSEVERE II Mortality
Probability  0.019

Severe AKI
YES 12
NO 211 0.946

0.054
# Prob.

Day 1 KDIGO Stage
0

Severe AKI
YES 1
NO 184 0.995

0.005
# Prob.

Day 1 KDIGO Stage
1 or 2

Severe AKI
YES 11
NO 27 0.711

0.289
# Prob.

IL8  1,990

Severe AKI
YES 1
NO 57 0.983

0.017
# Prob.

IL8 > 1,990

Severe AKI
YES 13
NO 38 0.745

0.255
# Prob.

HSPA1B  746,000

Severe AKI
YES 2
NO 18 0.900

0.100
# Prob.

HSPA1B > 746,000

Severe AKI
YES 9
NO 9 0.500

0.500
# Prob.

GZMB  9

Severe AKI
YES 1
NO 21 0.955

0.045
# Prob.

GZMB > 9

Severe AKI
YES 12
NO 17 0.586

0.414
# Prob.

Figure 2. The derived decision tree for estimating the risk of severe sepsis-associated acute kidney injury on Day 3 (D3 SA-AKI). All patients (n=379) are
included in the root node at the top of the tree, with the corresponding number of those with and without D3 SA-AKI and the respective rates. Patients
were subsequently allocated to daughter nodes using decision rules, as indicated in the top row of each node. All biomarker data are shown as pg/ml.
Each daughter node provides the number of patients with and without D3 SA-AKI and the respective rates. Subsequent daughter nodes were generated,
ending in terminal nodes (TNs). The TNs are used to assign the risk of D3 SA-AKI to a patient classified to a given TN, which is used for construction of the
area under the receiver operating characteristic curve. For calculation of the diagnostic test characteristics, the D3 SA-AKI risk is dichotomized into those
who are predicted to not have D3 SA-AKI and those who are predicted to have D3 SA-AKI. Patients allocated to TN1, TN2, TN4, and TN5 (D3 SA-AKI risk,
0.005–0.100) were classified as predicted to not have D3 SA-AKI. Patients allocated to TN3, TN6, and TN7 (D3 SA-AKI risk, 0.414–0.830) were predicted
to have D3 SA-AKI. GZMB=granzyme B; HSPA1B=heat shock protein 70 kD 1B; KDIGO=Kidney Disease Improving Global Outcomes; PERSEVERE-
II = updated Pediatric Sepsis Biomarker Risk Model; Prob. = probability.
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accounting for the potential confounders of
age and illness severity. We also evaluated
two related SA-AKI end points: the need
for RRT and renal recovery among those
with early AKI. The PERSEVERE-II
mortality probability was also
independently associated with these
two clinically relevant outcomes.

Although the association between
PERSEVERE-II and severe D3 SA-AKI
was robust, it did not provide sufficient
discrimination between those with and
without severe D3 SA-AKI to have clinical
utility. Accordingly, we derived a new
model to more reliably estimate the risk
of severe D3 SA-AKI, incorporating the
severity of AKI on Day 1 of septic shock,
the PERSEVERE-II mortality probability,
and a subset of the PERSEVERE
biomarkers. The model generates positive
and negative likelihood ratios that meet
thresholds for clinical utility (40, 41) and
performed well in a 10-fold cross-validation
procedure and when tested in a separate
historical cohort.

Beyond estimating the risk of severe D3

SA-AKI, the model also provides insight
regarding the natural history of severe
SA-AKI in the pediatric septic shock
population. The model shows that the
presence of stage 3 AKI on Day 1 is the
strongest predictor of severe D3 SA-AKI;
among the 47 participants having stage 3
AKI on Day 1, 39 (83%) developed severe
D3 SA-AKI, and 29 (74%) of those required
RRT. This finding is perhaps not surprising
from a clinical standpoint, but to our
knowledge, it has not been reported

previously among children with septic
shock. Among the remaining subjects,
those with AKI stages 0–2 on Day 1, the
model was able to reliably estimate the
risk of severe D3 SA-AKI. An added benefit
of this estimate is the ability to identify
participants with early AKI who will
recover renal function; combined,
terminal nodes 2, 4, and 5 identified 47
participants (12% of the whole cohort) with
stage 1 or 2 AKI on Day 1 who had a low
risk of severe D3 SA-AKI. These 47
participants demonstrated renal recovery
by Day 3 of septic shock, as defined in the
current study. We note that among the
4 false-negative participants allocated to
terminal nodes 2, 4, and 5, only 1 required
RRT.

Collectively, these findings suggest that
the development of severe D3 SA-AKI,
and renal recovery, can be predicted early
in the course of septic shock through the
utilization of the PERSEVERE biomarkers
and clinical data collected in the first 24
hours. The importance of early recognition
and proactive intervention in patients at
risk for severe SA-AKI is highlighted by its
association with poor outcomes and the
lack of available disease-modifying
therapies once present (7–10, 14, 42–44).
Recognition of these consequences has
resulted in several prior attempts to develop
reliable enrichment strategies for SA-AKI
prediction. These include the utilization
of known kidney-injury biomarkers
(15–18), attempts at novel candidate
biomarker discovery (19), and the use of
easily accessible clinical parameters

(20–22). However, few attempts thus far
have provided effective strategies for
SA-AKI prediction with diagnostic test
characteristics having clinical utility.
Our prediction model meets these
thresholds for clinical utility, offering a
potentially clinically feasible strategy for
early identification of high-risk patients
who may benefit from proactive
intervention.

Although early recognition of SA-AKI
is considered a mainstay of therapy, no
interventional studies specific to sepsis have
examined the impact of early preventive
care in those at risk. Our prediction model
could be utilized to identify high-risk
patients who would be most likely to benefit
from these interventions. For example,
the implementation of standardized care
bundles promoting renal protection in
high-risk patients has been shown to reduce
AKI severity and associated morbidity
in adult postsurgical patients (45, 46).
Although the pathophysiology of SA-AKI
is likely more complex than that of
postoperative patients, a similar approach
to early strategies for renal protection in
those at risk for severe, persistent SA-AKI
warrants consideration. In addition, the
identification of patients at highest risk of
requiring RRT is potentially useful given
the ongoing debate surrounding the
optimal timing of RRT initiation in
critically ill patients, including those
with sepsis, with some data suggesting that
early RRT initiation improves outcomes
(47–53). Finally, the identification of
patients likely to have renal recovery by
Day 3 of septic shock—a subset of patients
about whom little data exist—is also useful
because it identifies a low-risk cohort that
may not require significant intervention
and could inform SA-AKI clinical trial
enrollment in the future. Our data provide
a potential strategy to identify all 3 of these
subsets of patients early and accurately,
allowing for a more personalized approach
to their care.

The underlying biology of SA-AKI is
not well understood. Although previously
thought to be secondary to renal
hypoperfusion, a growing body of evidence
suggests a more complex process involving
the interplay between the hemodynamic
consequences of sepsis and the systemic
inflammatory response to infection (7, 26,
54). In this context, our findings raise
the possibility that the PERSEVERE
biomarkers are not simply associated with

Table 3. Diagnostic Test Characteristics of the Newly Derived CART Model for
Estimating the Risk of Severe Acute Kidney Injury on Day 3 of Septic Shock

Variable

CART-derived Model Day 1 KDIGO Status Model

Value 95% CI Value 95% CI

AUC 0.95* 0.92–0.98 0.87 0.82–0.93
True positive, n 60 — 55 —
True negative, n 280 — 254 —
False positive, n 34 — 60 —
False negative, n 5 — 10 —
Sensitivity, % 92 82–97 85 73–92
Specificity, % 89 85–92 81 76–85
Positive predictive value, % 64 53–73 48 38–57
Negative predictive value, % 98 96–99 96 93–98
Positive likelihood ratio 8.5 6.2–11.8 4.4 3.4–5.7
Negative likelihood ratio 0.09 0.04–0.20 0.2 0.1–0.3

Definition of abbreviations: AUC=area under the curve; CART=classification and regression tree;
CI = confidence interval; KDIGO=Kidney Disease Improving Global Outcomes.
*Ten-fold cross-validation, AUC=0.88.
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SA-AKI but are directly involved in the
biological pathway leading to SA-AKI.
Further study is required to formally test
this assertion.

This study has several strengths. First,
this large cohort reflects multiple centers
across the United States, enhancing
generalizability to critically ill children
with septic shock as a whole. Second, this
study examines the presence of severe,
persistent AKI at Day 3 of septic shock,
an end point that has been demonstrated
to be associated with poor outcomes in
critically ill patients (29). Finally, we
examined the concept of renal recovery by
Day 3 of septic shock, an entity with the
potential to impact clinical care and inform
clinical trial design but that is poorly
studied to date.

Our work also has important
limitations. This work is a secondary
analysis of an observational study, and
although our hypotheses were generated a
priori, these data were not originally
collected with the intent of studying

SA-AKI, raising the possibility of
unintended bias. Similarly, the lack of
standardized criteria for the initiation of
RRT across institutions and providers could
also result in bias. Baseline SCr data were
not available; therefore, we relied on
estimated values for all patients.
Furthermore, accurate urine output data
were not available for all patients in our
cohort, forcing us to rely on SCr-based
definitions and raising the possibility that
rates of SA-AKI were underestimated.
Finally, given the lack of a prospective
independent cohort to test the
prediction model, we relied on a cross-
validation procedure and testing in a
historical cohort.

Conclusions
The PERSEVERE-II mortality probability is
independently associated with severe D3

SA-AKI, the need for RRT use, and renal
recovery from early AKI. A newly derived
model has robust diagnostic test
characteristics for both estimating the

risk of severe D3 SA-AKI and identifying
patients who will likely recover from early
AKI. The model also provides insight into
the natural history of SA-AKI among
children with septic shock. Pending
prospective independent validation, this
model has the potential not only to
identify patients who are most likely to
benefit from early preemptive measures
to mitigate the risk of SA-AKI but also to
reduce exposure to more aggressive
interventions such as RRT in low-risk
patients and to inform enrollment
procedures for clinical trials in the
future. n
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