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CLINICAL RESEARCH
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Introduction: Sepsis-associated acute kidney injury (AKI) is a common diagnosis in children that is
associated with poor outcomes. The lack of therapeutic options once present makes early identiﬁcation of
at-risk patients essential. The renal angina index (RAI) has been previously validated to predict severe AKI
in heterogeneous populations of critically ill children. The performance of this score speciﬁcally in children
with septic shock is unknown.
Methods: A secondary analysis of a multicenter, prospective, observational study of 379 children with
septic shock to determine the ability of the RAI to predict severe AKI at day 3, and to assess for the potential need for recalibration of the RAI in this unique subset of patients.
Results: At the original cutoff of $8, the RAI predicted day 3 severe AKI with an area under the receiving
operating characteristic (AUROC) curve 0.90 (95% conﬁdence interval [CI]: 0.86 to 93), 95% sensitivity, and
54% speciﬁcity. A Youden’s index identiﬁed a higher optimal cutoff of $20 (sensitivity 83%, speciﬁcity
80%), and day 1 platelet count <150  103/ml was an independent predictor of severe AKI (adjusted odds
ratio: 3.2; 95% CI: 1.7 to 6.3; P < 0.001). Recalibration of the RAI to include platelet count and this new
threshold restored the sensitivity of the original $8 threshold (95%), while improving its speciﬁcity (69%).
Conclusions: The RAI appears to be a sensitive and reliable tool for prediction of severe AKI in children
with septic shock, although the use of a recalibrated sepsis-speciﬁc RAI using a higher cutoff and platelet
count may be beneﬁcial.
Kidney Int Rep (2021) 6, 1858–1867; https://doi.org/10.1016/j.ekir.2021.04.022
KEYWORDS: acute kidney injury; precision medicine; prediction; septic shock
ª 2021 International Society of Nephrology. Published by Elsevier Inc. This is an open access article under the CC BYNC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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KI occurs in up to half of all patients admitted to
an intensive care unit (ICU) and is associated with
increased morbidity and mortality.1,2 Similarly, septic
shock is a frequent diagnosis in critically ill patients,
and is the most common cause of AKI in the ICU.3–5
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Although both AKI and septic shock confer increased
risk for poor outcomes alone, the coincidence of these
diagnoses portends even worse outcomes, with some
studies citing mortality rates as high as 70%.6–11
Although these consequences of sepsis-associated AKI
(SA-AKI) are now well-recognized, treatment remains
limited to supportive care and renal protection strategies, with no effective disease-modifying treatments
identiﬁed to date.12,13
The lack of therapeutic options is not unique to SAAKI, as therapies for AKI as a whole remain limited.14
As a result, signiﬁcant focus has appropriately been
directed on developing tools for early identiﬁcation of
Kidney International Reports (2021) 6, 1858–1867
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Risk Strata: Select highest that applies
Risk Criteria

Score

PICU Admission

1

History of transplantation (solid
organ or stem cell)

3

Mechanical ventilation AND
vasoactive support

5

Injury Strata: Select highest that applies
SCr>Baseline

or %FO

Risk x Injury = RAI
(Scores: 1-40)

Score

Decreased or no
change

<5%

1

>1x – 1.49x

5-10%

2

1.5x – 1.99x

10-15%

4

≥ 2x

>15%

8

Figure 1. The renal angina index. Calculated as the product of the
highest risk and injury strata, a score of $8 has been previously
defined as “fulfillment of renal angina,” and validated to predict
the presence of severe acute kidney injury 3 days later. %FO,
percent fluid overload from admission; RAI, renal angina index; SCr
> baseline¼ elevation of serum creatinine above baseline value.

patients at risk for severe, persistent AKI. Such a
tool may allow for proactive intervention in these
patients — such as avoiding unnecessary nephrotoxin
exposure, excess chloride, and limiting exacerbating
factors like ﬂuid overload — that may improve outcomes, a hypothesis that has proven to be true in some
patient populations.15–17 Although multiple AKI biomarkers18–24 and clinical prediction models25–27 have
been developed and validated in a translational
research setting, few of these tools are widely available
for use in clinical practice at this time.
The RAI is a validated scoring tool for the prediction
of severe AKI ($100% increase in serum creatinine
over baseline) in heterogeneous populations of critically ill children and adolescents.26,27 Incorporating
both AKI risk and injury criteria, the RAI is typically
calculated 8 to 12 hours after pediatric ICU (PICU)
admission, with a threshold score of 8 or higher
deﬁning fulﬁllment of renal angina (RAIþ) (Figure 1).
RAIþ outperforms both serum creatinine elevation and
severity of illness scores for the prediction of severe
AKI 72 hours later,27 and given its relative ease of
calculation, represents a feasible tool that can be
incorporated into clinical practice in most PICUs.28
Although patients with septic shock were included in
both the derivation and validation cohorts, the RAI
performance exclusively in this particularly high-risk
subset of patients is unknown. Patients with septic
shock often have high vasoactive and mechanical
ventilation requirements, suffer high rates of early
serum creatinine elevation, and require signiﬁcant ﬂuid
resuscitation.29 Because the RAI incorporates these
variables (Figure 1), we hypothesized a priori that the
RAI would likely require recalibration to be fully
Kidney International Reports (2021) 6, 1858–1867
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optimized for this subset of patients. We suspected that
inclusion of decreased platelet count — which has a
well-demonstrated association with SA-AKI — may
improve the performance of this tool.30,31
Therefore, we examined the RAI performance for
prediction of severe SA-AKI at day 3 of septic shock (D3
severe SA-AKI) in a large cohort of pediatric patients,
including an assessment of its predictive capacity in
comparison to serum creatinine elevation alone, and
severity of illness. Additionally, we sought to determine
the optimal cutoff for deﬁning RAIþ in this cohort, and
to identify the potential beneﬁt of inclusion of day 1
platelet count in a septic shock-speciﬁc RAI.
METHODS
Study Design and Patient Selection
The reporting of this study follows the Strengthening
the Reporting of Observational Studies in Epidemiology statement for cohort studies, which is included
in the Supplementary Material. We performed a secondary analysis of a multicenter, prospective, observational cohort study of children aged 1 week to 18
years who were admitted to the PICU with septic
shock.29,32 The original study included patients from
14 PICUs across the United States and was conducted
from January 2015 to December 2018.33 After approval
from the institutional review boards at each site, patients meeting criteria for pediatric septic shock were
enrolled after obtaining informed consent from parents
or legal guardians32; the only exclusion criteria was the
inability to obtain informed consent. The remainder of
the original study protocol has been described in
detail.34,35 Once enrolled, clinical and laboratory data
were collected daily during PICU admission for up to 7
days, and mortality was tracked for 28 days after
enrollment. Patients from the original study (n ¼ 461)
were excluded from our analysis if they had a preexisting history of kidney disease or were missing
day 1 (D1) or D3 serum creatinine data (n ¼ 82, ﬁnal
total cohort n ¼ 379). Fifty-one of 379 patients included
in our analysis were discharged from the PICU alive
before D3 and without evidence of AKI, and these
patients were presumed not to have D3 severe AKI.
There were no other missing data for any included
patient in our cohort.
RAI Calculation
The RAI was calculated for each patient based on the
previously published and validated scoring system,26,27
using clinical and demographic information from the
ﬁrst 24 hours of septic shock (Figure 1). Given the limitations of our dataset, a few modiﬁcations are worth noting.
First, we lacked data speciﬁcally from the 8- to 12-hour
time point that is typically used for calculation, and thus
1859
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relied on data collected within the ﬁrst 24 hours. Second,
to avoid excluding patients receiving renal replacement
therapy (RRT) — which can impact serum creatinine — at
the time of enrollment (n ¼ 24), we assigned these patients
the highest possible injury score of 8. Based on previously
published work, we deﬁned RAIþ a priori as an RAI score
of 8 or higher.26,27

mortality. Daily percent FO was calculated using the
previously published and commonly used formula39:

The Updated Pediatric Sepsis Biomarker Risk
Model (PERSEVERE-II)
As part of the original study, each patient was assigned
an updated Pediatric Sepsis Biomarker Risk Model
(PERSEVERE-II) mortality probability. PERSEVERE-II
is a validated tool incorporating prognostic biomarkers and platelet count for estimating the baseline
mortality risk among children with septic shock.33
Thus, we opted to include the PERSEVERE-II mortality probability to adjust for baseline mortality risk, in
addition to the more widely used and validated updated Pediatric Risk of Mortality Score (PRISM III).36
Outcomes and Deﬁnitions
The primary outcome of interest was the ability of the
RAI to predict D3 severe SA-AKI, which was deﬁned as
Kidney Disease Improving Global Outcomes stage 2
AKI or higher (at least a doubling of serum creatinine
from baseline).37 Baseline serum creatinine values were
unknown for all patients in our cohort, and thus estimated values were calculated for each patient using
their body surface area (m2) and an estimated glomerular ﬁltration rate of 120 ml/min per 1.73 m2, as previously validated.2,38 For patients without documented
heights (n ¼ 20), the age-based Pottel method was
used, which has also been previously validated in our
center’s RAI research.28 Accurate urine output data
were not available in this cohort.
As a secondary outcome, we compared the RAI to
degree of serum creatinine elevation above baseline
alone and severity of illness (by both PRISM III and
PERSEVERE-II) for prediction of D3 severe SA-AKI.
Additionally, based on our hypothesis that the RAI
may need to be recalibrated for children with septic
shock, we ﬁrst performed an assessment of the optimal
cutoff point to deﬁne renal angina fulﬁllment (RAIþ) in
these patients. Second, based on the a priori hypothesis
that lower platelet counts would be associated with
increased rates of severe AKI, we assessed both for this
independent association and for potential improvement
in the predictive capacity of the RAI by inclusion of
this readily available laboratory value (platelet-modiﬁed RAI).
We also assessed the ability of the RAI to predict
additional adverse renal outcomes, including need for
RRT, the development of ﬂuid overload (FO), and
1860

%FO ¼ ½ðTotal Fluid In ð1Þ  Total Fluid Out ð1ÞÞ
= Admission Weight ðkgÞ  100%
Statistical Analyses
Data were initially described using medians, interquartile
ranges (IQRs), frequencies, and percentages. Comparisons
between groups were performed using Wilcoxon rank
sum, chi square, or Fisher exact test, as appropriate.
Receiver operator characteristic (ROC) curves were
generated and the AUROCs were compared to assess the
predictive performance of both continuous and dichotomized predictor variables. Sensitivities, speciﬁcities, positive predictive values (PPVs), negative predictive values
(NPVs), positive likelihood ratios, and negative likelihood
ratios were generated both for speciﬁc cutoff values of
continuous predictor variables, and for dichotomous predictor variables. Youden’s index was calculated for the
RAI to determine the optimal cutoff point for prediction of
D3 severe SA-AKI. Multivariable logistic regression was
used to assess the independent association between RAIþ,
serum creatinine (SCr) elevation above baseline on D1 of
septic shock (SCr > baseline, calculated as D1 SCr divided
by baseline SCr), age, severity of illness (by both PRISM
III and PERSEVERE-II) and D1 platelet count with the
development of AKI-related outcomes and 28-day mortality. P < 0.05 was considered statistically signiﬁcant. All
statistical analyses were performed using Sigmaplot 14.0
(Systat Software Inc., San Jose, California) and SAS 14.0
(SAS Institute, Cary, North Carolina).
Two sensitivity analyses were also performed. First, we
excluded patients who left the PICU before D3 and without
evidence of SA-AKI, to account for potential bias via their
inclusion. Additionally, given the lack of baseline SCr
values and reliance on a normative glomerular ﬁltration rate
calculation, we also excluded patients younger than 1 year
of age (n ¼ 54) to assess for any differences in AKI incidence or RAI performance, given the potential to underestimate baseline creatinine in these very young patients.
Performance of the platelet-modiﬁed RAI (pltRAI)
model described above was tested using a ﬁve-fold
cross-validation procedure. Net reclassiﬁcation
improvement (NRI) was also used to estimate the incremental predictive ability of the pltRAI model, relative to the previously used RAI score $ 8.40 The NRI
was computed using R-packages pROC and Hmisc.
RESULTS
Baseline Characteristics
The study cohort consisted of 379 patients, 207 (54.6%)
of whom met criteria for renal angina fulﬁllment
Kidney International Reports (2021) 6, 1858–1867
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(RAIþ) with an RAI score $8. A total of 65 of 379
(17.2%) had D3 severe SA-AKI. Table 1 describes the
clinical, demographic, and outcome data according to
the presence (RAIþ) or absence (RAI-) of renal angina
fulﬁllment. Patients who were RAIþ were younger,
more likely to have a history of transplantation, had
higher severity of illness by both PRISM-III score and
PERSEVERE-II mortality probability, and were more
likely to require vasoactive infusions, mechanical
ventilation, and have >10% FO in the ﬁrst 24 hours of
septic shock. RAIþ patients also suffered worse outcomes than RAI- patients, including higher risk of D3
severe SA-AKI, RRT use, D3 FO, prolonged PICU length
of stay, and 28-day mortality. Although there were no
differences noted in the D1 platelet count between RAIþ
and RAI- patients, platelet counts were lower in those
who developed D3 severe SA-AKI versus those who did
not (78  103/ml vs. 167  103/ml, P < 0.001).
Table S1 outlines the incidence of the components of
the RAI by the presence or absence of D3 severe SA-AKI.
Patients who went on to develop D3 severe SA-AKI had

signiﬁcantly higher incidence of a history of transplantation, D1 vasoactive and mechanical ventilation use,
D1 FO >15%, and D1 SCr values more than twice baseline, compared to those who did not. In addition,
Table S2 shows the percentage of patients in each RAI
score category and their associated outcomes. Patients
with the maximum RAI score of 40 (n ¼ 55) suffered the
highest incidence of all outcomes, including D3 severe
SA-AKI (70.9%), RRT use (43.6%), and 28-day mortality
(32.7%).
Assessment of the RAI for Prediction of Severe
D3 SA-AKI
The RAI had an AUROC of 0.90 (95% CI: 0.86 to 0.93,
P < 0.001) for discriminating between patients with
versus without D3 severe SA-AKI. The test characteristics of this prediction at the previously deﬁned cutoff
for RAIþ of $8 are outlined in Table 2. At this cutoff,
the RAI had a sensitivity of 98% (95% CI: 91% to
99%), NPV of 99% (95% CI: 96% to 99%), speciﬁcity
of 54% (95% CI: 49% to 60%), and PPV of 31% (95%

Table 1. Clinical, demographic and outcome variables by the presence of renal angina fulﬁllment (renal angina index $ 8) on day 1 of pediatric
septic shock
All
N (%)
Male
Age, years
History of transplantation

RAI-

RAID

Comparison
RAID to RAI-

172 (45)

207 (55)

—

195 (52)

86 (50)

109 (53)

P ¼ 0.68

6.3 [1.9 to 12.6]

8.1 [4.4 to 13.7]

4.9 [1.2 to 10.4]

P < 0.001

47 (12)

13 (8)

34 (16)

P ¼ 0.014

12 [8 to 18]

P < 0.001

379

Severity of illness
PRISM III
PERSEVERE-II

10.2 [7 to 15]
0.019 [0.007 to 0.189]

10 [5 to 12]
0.007 [0.007 to 0.167]

0.019 [0.007 to 0.189]

P < 0.001

D1 vasoactive use

332 (88)

129 (75)

203 (98)

P < 0.001

D1 mechanical ventilation

255 (67)

69 (40)

186 (90)

P < 0.001

D1 >10% ﬂuid overload

48 (12.6)

7 (4.1)

41 (19.8)

P < 0.001

D1 platelet count,  103/ml
All patients
Severe D3 SA-AKI
No severe D3 SA-AKI

153 [70, to 250]

165 [77 to 251]

129 [60 to 249]

78 [26 to 154]a

—

76 [36 to 154]a

P ¼ 0.25

167 [86 to 263]a

—

170 [101 to 283]a

—

Causative organism
Gram positive

81 (21.4)

35 (20.3)

46 (22.2)

P ¼ 0.75

Gram negative

96 (25.3)

47 (27.3)

49 (23.7)

P ¼ 0.49

Viral

29 (7.7)

12 (7)

17 (8.2)

P ¼ 0.80

Fungal

10 (2.6)

8 (3.9)

P ¼ 0.19
P ¼ 0.75

None

2 (1.2)

163 (43)

76 (44.2)

87 (42)

All stage

95 (25)

8 (4.7)

87 (42)

RR 9.0 (4.5 to 18.1, P < 0.001)

Severe

65 (17)

1 (0.6)

64 (31)

RR 53.2 (7.5 to 379, P < 0.001)

>10%

104 (27)

26 (15)

78 (38)

RR 2.5 (1.7 to 3.7, P < 0.001)

>20%

28 (7.4)

6 (3.5)

22 (11)

RR 3.0 (1.3 to 7.3, P ¼ 0.014)

38 (7.4)

1 (0.6)

37 (18)

RR 30.7 (4.3 to 222, P < 0.001)

7 [3 to 13]

4 [2 to 10]

8 [5 to 19]

P < 0.001

42 (11)

7 (4.1)

35 (17)

RR 4.2 (1.9 to 9.1, P < 0.001)

D3 SA-AKI

D3 ﬂuid overload

RRT use
PICU LOS, days
Mortality

D1/3, day 1/3; IQR, interquartile range; LOS, length of stay; PICU, pediatric intensive care unit; PERSEVERE-II¼ updated Pediatric Sepsis Biomarker Risk Model mortality probability;
PRISM III, Pediatric Risk of Mortality Score III; RAI, renal angina index; RAIþ, renal angina fulfillment; RR, relative risk; RRT, renal replacement therapy; SA-AKI, sepsis-associated acute
kidney injury.
a
Comparison in each group for D3 severe SA-AKI versus no D3 severe SA-AKI: p<0.001
Values are n (%) unless otherwise noted. All continuous variables reported as median (IQR).
Kidney International Reports (2021) 6, 1858–1867
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Table 2. Comparison of renal angina fulﬁllment to initial serum creatinine above baseline on day 1 of pediatric septic shock
Characteristic

RAID

SCr>Baseline

Comparison
RAID to SCr>Baseline

N (%)

207 (55)

220 (58)

—

Male

109 (53)

112 (51)

P ¼ 0.79

Age, years

4.9 [1.2 to 10.4]

6.3 [1.6 to 12.3]

P ¼ 0.19

History of transplant

34 (16)

30 (14)

P ¼ 0.50

Severity of illness
PRISM-III
PERSEVERE-II
RAI

12 [8 to 18]
0.019 [0.007 to 0.189]
20 [10 to 40]

12 [8 to 18]

P ¼ 0.52

0.019 [0.007 to 0.189]

P ¼ 0.84

10 [6 to 24]

P < 0.001

D3 SA-AKI
All stage

87 (42)

85 (39)

RR 1.1 (0.86 to 1.4, P ¼ 0.54)

Severe

64 (31)

58 (26)

RR 1.2 (0.87 to 1.6, P ¼ 0.35)

D3 Severe SA-AKI Prediction
AUROCa

0.90 (0.86 to 0.93)

0.85 (0.80 to 0.91)

P ¼ 0.11

Sensitivity, %

98 (91 to 99)

89 (78 to 95)

—

Speciﬁcity, %

54 (49 to 60)

48 (43 to 54)

—

PPV, %

31 (25 to 38)

26 (21 to 33)

—

NPV, %

99 (96 to 99)

92 (91 to 98)

—

Positive likelihood ratio
Negative likelihood ratio
RRT use
PICU LOS, days
Mortality

2.2 (1.9 to 2.4)
0.03 (0.004 to 0.20)
37 (18)
8 [5 to 19]
35 (17)

1.7 (1.5 to 2.0)

—

0.22 (0.11 to 0.45)

—

32 (15)
7 [3 to 13]
34 (16)

RR 1.2 (0.8 to 1.9, P ¼ 0.42)

P ¼ 0.005
RR 1.1 (0.71 to 1.69, P ¼ 0.78)

AUROC, area under the receiver operating curve; D, day; IQR, interquartile range; LOS, length of stay; NPV, negative predictive value; PERSEVERE-II, updated Pediatric Sepsis Biomarker
Risk Model mortality probability; PICU, pediatric intensive care unit; PPV, positive predictive value; PRISM-III, Pediatric Risk of Mortality Score; RAIþ, renal angina index $ 8; RRT, renal
replacement therapy; SA-AKI, sepsis-associated acute kidney injury; SCr > baseline, serum creatinine above baseline
a
AUROC reported for RAI and SCr/Baseline as continuous variables
Values are n (%) unless otherwise noted. All continuous variables reported as median [IQR].

CI: 25% to 38%). Sensitivity analyses excluding patients
who had left the PICU before D3 (n ¼ 51), or those
younger than 1 year of age (n ¼ 54) showed similar
performance of the RAI for D3 severe SA-AKI prediction,
as outlined in Tables S3 and S4, respectively.
Comparison of the RAI to Severity of Illness and
SCr Alone
We assessed RAI performance compared to D1 SCr >
baseline alone because change in SCr is an important
component of the RAI score (Figure 1). A comparison of
clinical, demographic, and outcome variables for RAIþ
and D1 SCr > baseline patients is shown in Table 2,
along with a comparison of their D3 severe SA-AKI
predictive performance. As noted previously, 207 patients (54.6%) were RAIþ on D1 of septic shock,
whereas 220 patients (58%) had SCr > baseline on D1.
There were no differences in sex distribution, age,
history of transplantation, or severity of illness scores
between these groups; however, RAIþ patients had
higher median RAI values on the day of admission (20,
IQR: 10 to 40 vs. 10, IQR: 6 to 24, P < 0.001). Compared
to those with SCr > baseline, patients who were RAIþ
had longer PICU lengths of stay (8 days [IQR: 5 to 19
days] vs. 7 days [IQR: 3 to 13 days], P ¼ 0.005); no
differences were noted in other outcomes between the
two groups. The RAI AUROC did not differ from that
of SCr > baseline (0.90; 95% CI: 0.86 to 0.93 vs. 0.85;
1862

95% CI: 0.80 to 0.91; P ¼ 0.11) for prediction of D3
severe SA-AKI. However, RAIþ failed to identify only
1 of 65 patients who had D3 severe SA-AKI.
Conversely, having SCr > baseline failed to identify 7
of 65 patients who developed D3 severe SA-AKI,
including 6 who went on to require RRT. When
multivariable logistic regression analysis was performed adjusting for severity of illness (by both
PERSEVERE-II and PRISM-III scores) and age, RAIþ
status was independently associated with increased
risk of D3 severe SA-AKI, RRT use and mortality
(Table 3). By comparison, SCr > baseline was not
associated with any of these outcomes.
Recalibrating the RAI for Pediatric Septic Shock
Given the relatively low speciﬁcity of the RAI at a
threshold score of 8 or higher (54%; 95% CI: 49% to
60%), we assessed different RAI cutoffs for prediction
of D3 severe SA-AKI with Youden’s index, which
identiﬁed a score of $20 (Youden’s index, 0.63) as most
optimal. Table 4 outlines the test characteristics of the
RAI at this cutoff; although the speciﬁcity and PPV of
RAIþ improved at this cutoff (54% to 80% and 31% to
47%, respectively), this was at the cost of reduced
sensitivity and NPV (98% to 83% and 99% to 96%,
respectively). This reduction in sensitivity resulted in
11 missed patients with D3 severe SA-AKI, including
5 who went on to require RRT.
Kidney International Reports (2021) 6, 1858–1867
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Table 3. Multivariable logistic regression testing for an association
between renal angina fulﬁllment (RAIþ), serum creatinine above
baseline (SCr > baseline), age, and severity of illness with sepsisassociated acute kidney injury outcomes

In an effort to preserve the sensitivity of the RAI at
the original cutoff of $8 and to improve its speciﬁcity,
we further recalibrated the RAI for sepsis using platelet
count information to generate a sepsis-speciﬁc pltRAI.
As mentioned previously, patients who developed D3
severe SA-AKI had a lower D1 platelet count. Of the 11
patients with D3 severe SA-AKI who were missed by an
RAI cutoff of $20, 9 (81.8%) had a D1 platelet count
below 150  103/ml. Furthermore, a D1 platelet count
below this threshold was associated with D3 severe SAAKI (adjusted odds ratio: 3.2; 95% CI: 1.7 to 6.3; P <
0.001), after adjustment for age, PERSEVERE-II and
PRISM-III scores, SCr > baseline, and RAI. Thus, we
redeﬁned renal angina fulﬁllment (in this case, termed
pltRAIþ) by deﬁning at-risk patients to be those with
either: (1) an RAI score $20, or (2) an RAI score from 8
to <20 with a platelet count <150  103/ml. This recalibration improved the sensitivity of prediction
compared to the higher RAI $20 cutoff alone (83% to
95%), while increasing the speciﬁcity (54% to 69%) and
PPV (31% from 39%) relative to the original cutoff of
RAI $8. Furthermore, the now dichotomous pltRAI had
an AUROC for prediction of D3 severe SA-AKI of 0.82
(95% CI: 0.78 to 0.86), which proved superior when

Outcome

Variable

Adjusted OR

95% CI

P

D3 severe SA-AKI

PRISM-III

1.04

0.99 to 1.09

0.086

PERSEVERE-IIa

1.46

1.18 to 1.80

<0.001

Age, years

1.03

0.99 to 1.07

0.19

RAIþ

50.9

6.7 to 387

<0.001

SCr > baseline

2.41

0.97 to 5.97

0.057

PRISM-III

1.05

0.99 to 1.10

0.057

PERSEVERE-IIa

1.66

1.31 to 2.11

<0.001

RRT use

Age, years

1.03

0.99 to 1.09

0.18

RAIþ

30.9

3.82 to 250

0.001

SCr > baseline

1.09

0.39 to 3.07

0.88

PRISM-III

1.03

0.98 to 1.08

0.22

PERSEVERE-IIa

1.96

1.56 to 2.46

<0.001

28-day mortality

Age, years

1.03

0.98 to 1.08

0.30

RAIþ

3.40

1.22 to 9.45

0.019

SCr > baseline

1.40

0.53 to 3.68

0.50

CI, conﬁdence interval; D, days; OR, odds ratio; PERSEVERE-II, updated Pediatric Sepsis
Biomarker Risk Model mortality probability; PRISM-III, Pediatric Risk of Mortality Score;
RAI, renal angina index; RRT, renal replacement therapy; SCr, serum creatinine.
a
The raw PERSEVERE-II mortality probability was transformed by a factor of 10 for the
logistic regression analyses.

Table 4. Comparison of three different deﬁnitions of renal angina fulﬁllment in pediatric septic shock for prediction of day 3 severe SA-AKI
Characteristic

RAI ‡ 8

RAI ‡ 20

N (%)

207 (55)

116 (31)

Male

109 (53)

63 (54)

Age, years

4.9 [1.2 to 10.4]

History of transplantation

34 (16)

4 [1.3 to 9.8]
25 (22)

pltRAID

P

160 (42)

—

87 (54)

0.93

4.2 [1.4 to 9.5]
34 (21)

0.93
0.39

Severity of illness
PRISM-III
PERSEVERE-II

12 [8 to 18]
0.019 [0.007 to 0.189]a

14 [10 to 19]

13 [9 to 19]

0.15

0.178 [0.019 to 0.189]a

0.167 [0.007 to 0.189]

0.017

D1 vasoactive use

203 (98)

115 (99)

158 (99)

0.72

D1 mechanical ventilation use

186 (90)

108 (93)

145 (91)

0.62

All stage

87 (42)

70 (60)

80 (50)

0.007

Severe

64 (31)

54 (47)

62 (39)

0.018

D3 SA-AKI

D3 severe SA-AKI prediction
AUROC (dichotomous)b

0.76 (0.73 to 0.80)c

0.82 (0.77 to 0.87)c,d

0.82 (0.78 to 0.86)c

—
—

Sensitivity, %

98 (91 to 99)

83 (71 to 91)

95 (86 to 99)

Speciﬁcity, %

54 (49 to 60)

80 (75 to 84)

69 (63 to 74)

—

PPV, %

31 (25 to 38)

47 (37 to 56)

39 (31 to 47)

—

NPV, %
Positive likelihood ratio
Negative likelihood ratio

99 (96 to 99)

96 (92 to 98)

99 (96 to 99)

—

2.2 (1. to 2.4)

4.2 (3.3 to 5.4)

3.1 (2.6 to 3.6)

—

0.21 (0.12 to 0.36)

0.07 (0.02 to 0.20)

—

0.03 (0.004 to 0.20)

Youden’s index
RRT use
PICU LOS, days
Mortality

0.52
37 (18)
8 [5 to 19]
35 (17)

0.63
33 (28)
9 [6 to 19]
30 (26)

0.64
37 (23)
9 [6 to 19]
34 (21)

—
0.084
0.82
0.154

AUROC, area under the receiver operating curve; D, day; IQR, interquartile range; LOS, length of stay; NPV, negative predictive value; PERSEVERE-II, updated Pediatric Sepsis Biomarker
Risk Model mortality probability; PICU, pediatric intensive care unit; pltRAIþ, meets renal angina criteria by platelet count-modified RAI, which is defined as 1) RAI $ 20, or 2) RAI 8
to <20 with platelet count <150  103/ml; PPV, positive predictive value; PRISM-III, Pediatric Risk of Mortality Score; RAI, renal angina index; RRT, renal replacement therapy; SA-AKI,
sepsis-associated acute kidney injury.
a
These two groups were different from each other on pairwise comparison.
b
AUROC reported for RAI $8, RAI $20, and pltRAIþ as dichotomous variables.
c
Statistically different groups on pairwise comparison.
d
RAI $ 8 was significantly different than both RAI $ 20 and pltRAIþ.
Values are n (%) unless otherwise noted. All continuous variables reported as median [IQR].
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compared to a dichotomized RAI $8 (AUROC: 0.76; 95%
CI: 0.73 to 0.80; P ¼ 0.0001). On ﬁve-fold cross-validation, the pltRAI had a summary AUROC of 0.82, with an
average sensitivity of 95% and speciﬁcity of 69%. A
complete comparison of the predictive capacity of all three
deﬁnitions of renal angina fulﬁllment is outlined in Table 4.
Additionally, a breakdown of patients by pltRAI designation (positive and predicted to have D3 severe SA-AKI,
or negative and predicted not to have D3 severe SA-AKI)
and their associated outcomes is shown in Table S2.
To further quantify the improvement in prediction of
D3 severe SA-AKI seen when using the pltRAI model over
the RAI at the original cutoff of 8, we performed an NRI
analysis. The pltRAI model showed improved predictive
capacity compared to RAI $ 8, with an NRI of 0.225 (95%
CI: 0.11 to 0.34; P ¼ 0.0001). This NRI reﬂected an NRI for
events of 0.94 (95% CI: 0.85 to 1.02; P < 0.0001) and for
nonevents of 0.71 (95% CI: 0.79 to 0.64; P < 0.0001).

cohort as 220 (58%) had SCr elevation, 24 (6.3%) required
RRT, and 48 (12.6%) had greater than 10% ﬂuid accumulation in the ﬁrst 24 hours. The high incidence of
signiﬁcant RAI risk and injury criteria in our cohort
resulted in more than half of patients fulﬁlling renal
angina criteria at the previous cutoff of 8. Although this
cutoff was highly sensitive (capturing all but one patient
with D3 severe SA-AKI), it is not surprising that the use
of a higher threshold to optimize speciﬁcity improved
overall predictive performance in this cohort.
However, the RAI was intentionally designed to be a
highly sensitive tool for ruling out AKI, particularly
given the aforementioned dire consequences of D3 severe SA-AKI, as well as the reliance on early supportive
care as the mainstay of therapy. Although added speciﬁcity of a tool allows for improved diagnostic capability, given what we now know about the complexity
of SA-AKI pathophysiology,12,13 it is unlikely that one
tool alone will be able to predict severe SA-AKI with
both excellent sensitivity and speciﬁcity. Ultimately, the
most logical approach likely involves the initial use of a
highly sensitive test such as the RAI for risk stratiﬁcation, followed by reﬁnement of that risk assessment via
the targeted use of more speciﬁc SA-AKI prediction
tools,19,25 a step-wise approach that has been previously
shown to be effective in general populations of critically
ill children.23,43 Additionally, different RAI cut-off
values may be selectively used by clinicians depending on needs of the care team. If the goal is to rule out
AKI, then a high-sensitivity cut-off can be selected (i.e.,
RAI $ 8). For patients in whom the risk of adding a
nephrotoxic drug is being considered, a more speciﬁc
cut-off may be contemplated (i.e., RAI $20). Thus,
values across the RAI range can be harnessed to improve
clinical decision-making on an individual patient level.
Although a staged approach to SA-AKI prediction
such as the one outlined above would be ideal, the
reality is that the cited biomarkers and tools have not
yet been adequately studied in pediatric septic shock,
nor are they widely available for use. As such, we
recalibrated the RAI for septic shock using platelet
count — a readily available clinical parameter identiﬁed in our cohort to be independently associated with
D3 severe SA-AKI — to redeﬁne renal angina fulﬁllment. Inclusion of decreased platelet count in this
sepsis-speciﬁc RAI is also supported by evidence, as
the association between thrombocytopenia and SA-AKI
has both a plausible pathophysiology (i.e., driven by
sepsis-induced endothelial dysfunction and microvascular thromboses similar to thrombotic microangiopathy), and has been previously documented in
the literature.30,31 Ultimately, the pltRAI was able to
show improved speciﬁcity of severe SA-AKI prediction
while maintaining high sensitivity. Although these

DISCUSSION
In this secondary analysis of a large prospective study of
children with septic shock, we found the RAI reliably
predicted the presence of D3 severe SA-AKI. Whereas the
previously deﬁned cutoff of 8 or higher used in general
populations of critically ill children was extremely sensitive and superior to both SCr elevation alone and
severity of illness, an optimal cutoff assessment indicated
that a higher RAI score threshold of 20 may be more
appropriate in these patients, although at the cost of
reduced sensitivity. Additionally, we identiﬁed admission
platelet count below 150  103/ml to be an independent
predictor of D3 severe SA-AKI in this cohort. Incorporation of this readily available variable and the newly
derived septic shock–speciﬁc cutoff point allowed us to
recalibrate the RAI in a manner that preserved the high
sensitivity of the original threshold while improving its
speciﬁcity and overall predictive ability.
Given the variables used to calculate an RAI score, the
need to recalibrate this tool for patients with septic shock
is not surprising. By deﬁnition, a diagnosis of septic
shock requires signiﬁcant circulatory dysfunction,29
which often results in the need for vasoactive infusions
and mechanical ventilation. Almost two-thirds of our
cohort (n ¼ 240, 63.3%) required both vasoactive medications and mechanical ventilation in the ﬁrst 24 hours of
septic shock, equating to the maximum RAI risk score of
5 (Figure 1). Additionally, given the pathophysiology of
septic shock and the fact that ﬂuid resuscitation is a
mainstay of therapy, it is not uncommon for these patients to develop early (i.e., within the ﬁrst 24 hours) SCr
elevation, need for RRT,7,8 and/or positive ﬂuid balance,41,42 all of which have the potential to increase the
RAI injury score (Figure 1). These trends were seen in our
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improvements were small, in the absence of other
approved bedside tools for SA-AKI prediction, the
pltRAI represents an immediately feasible mechanism
for identifying at-risk patients in the PICU.
The ability to accurately identify patients at risk for
severe, persistent SA-AKI is important for several reasons. First, it is now well-documented that SA-AKI is
common in both adults and children, impacting up to
half of all patients admitted with septic shock.6,7,9 Second, its consequences are severe, including higher odds
of death in afﬂicted children9,10 and serious
health-related quality of life deterioration in those who
survive.11 Unfortunately, despite knowledge of its
prevalence and consequences, we continue to lack
deﬁnitive disease-modifying therapy for AKI once present, relying exclusively on supportive care and renal
protective strategies. These treatment mainstays have
been shown in some populations to be more effective
when implemented early,15,16 thus highlighting the need
for reliable risk stratiﬁcation tools for SA-AKI. Beyond
merely identifying patients who may beneﬁt from early,
proactive intervention, such a tool may also facilitate the
study of novel therapeutics, as it allows for identiﬁcation of a high-risk subset of patients appropriate for
informed clinical trial enrollment in the future.
This study has several strengths. Importantly, this is
the ﬁrst study examining the use of the RAI exclusively in a large population of children with septic
shock. The study cohort was large, and comprised of
patients from multiple centers across the United States,
enhancing the generalizability of the results. We were
also able to use the PERSEVERE-II mortality probability as an additional discriminator of septic shock illness
severity, potentially enhancing the validity of our
regression analyses.

CONCLUSIONS
We conclude that the RAI is a feasible tool for the early
and accurate estimation of D3 severe SA-AKI risk in
critically ill children with septic shock. Although highly
sensitive at its originally deﬁned threshold of 8, recalibration of the RAI to incorporate the optimal septic
shock-speciﬁc cutoff of 20, as well as decreased platelet
count, appears to increase the speciﬁcity of prediction
without sacriﬁcing signiﬁcant sensitivity. Pending prospective validation, the pltRAI has the potential to aid in
the identiﬁcation of patients most likely to beneﬁt from
early intervention to mitigate the risk of severe SA-AKI,
and to consider for future enrollment in clinical trials
aiming to identify novel therapies.
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SUPPLEMENTARY MATERIAL
Study Limitations
Our work also has important limitations. This is a
secondary analysis of an observational study that was
not intended to study SA-AKI or the RAI, and as such,
there is a possibility of unintended bias. Additionally,
the RAI had to be manually calculated from data
collected at varying time points within the ﬁrst 24 hours
of septic shock, a slightly different timeframe from the
previously published work in this area. Baseline SCr
data were not available; thus, we relied on estimated
values for all patients, potentially impacting the validity
of the reported AKI rates in this cohort. Finally, accurate
urine output data were also unavailable, raising the
possibility that rates of SA-AKI, as deﬁned by serum
creatinine alone, were underestimated.
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