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BACKGROUND: The functional acute kidney injury (AKI) diagnostic tests serum creatinine (SCr) and urine output are imprecise and
make management challenging. Combining tubular injury biomarkers with functional markers reveal AKI phenotypes that may
facilitate personalized care. However, when and in whom to obtain injury biomarkers remains unclear.
METHODS: This was a prospective, observational study of patients admitted to a pediatric intensive care unit (PICU). Using the
Renal Angina Index (RAI), subjects were screened for the presence (RAI+) or absence (RAI−) of renal angina 12 h post-admission
and assigned an AKI phenotype using urinary NGAL (NGAL+: ≥150 ng/ml) and SCr (SCr+: ≥KDIGO Stage 1). Outcomes for each AKI
phenotype were assessed and compared by RAI status.
RESULTS: In all, 200/247 (81%) subjects were RAI+. RAI+ subjects who were NGAL+ had higher risk of Day 3 AKI, renal replacement
therapy use, and mortality and fewer ventilator- and PICU-free days, compared to NGAL−, irrespective of Day 0 SCr. Similar findings
were not demonstrated in RAI− subjects, though NGAL+/SCr+ was associated with fewer ventilator- and PICU-free days compared
to NGAL−/SCr+.
CONCLUSIONS: NGAL- and SCr-based AKI phenotypes provide improved prognostic information in children with renal angina
(RAI+) and/or with SCr elevation. These populations may be appropriate for targeted biomarker testing.
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IMPACT:

● New consensus recommendations encourage the integration of kidney tubular injury biomarkers such as urinary NGAL with
serum creatinine for diagnosis and staging of acute kidney injury; however, no structured testing framework exists guiding
when to test and in whom.

● Urinary NGAL- and serum creatinine-based acute kidney injury phenotypes increase diagnostic precision in critically ill children
experiencing renal angina (RAI+) or serum creatinine-defined acute kidney injury.

● These data provide preliminary evidence for a proposed framework for directed urinary NGAL assessment in the pediatric
intensive care unit.

INTRODUCTION
Acute kidney injury (AKI) occurs commonly in critically ill children
and is associated with poor outcomes, including mortality,
increased resource utilization, and reduced health-related
quality of life after admission.1–4 Unfortunately, management of
patients with AKI is challenging, as effective disease-modifying
therapies have yet to be identified.5 In order to advance the
care of AKI, a more precise and timelier framework for detection
and characterization of ongoing injury in affected patients
is required.
The use of kidney tubular injury biomarkers such as neutrophil

gelatinase-associated lipocalin (NGAL) may help improve time-
liness and precision of AKI diagnosis. NGAL is a 25 kDa protein
released by the injured distal nephron, and concentrations are
typically low in the urine and rise quickly in response to tubular

injury.6 Expert consensus has called for the integration of NGAL
and other injury biomarkers with serum creatinine (SCr) (i.e., a
marker of excretory function or glomerular filtration rate (GFR)) to
refine the AKI diagnosis,7–9 and several groups have operationa-
lized this concept with promising results.10–12 Notably, the use of
urinary NGAL in concert with SCr to derive different AKI
phenotypes (Fig. 1) helps distinguish between patients with
transient/functional (i.e., injury biomarker negative) and persistent,
damage-associated (i.e., injury biomarker positive) SCr elevation
and identifies a previously unrecognized subset of patients with
ongoing tubular injury who do not yet have SCr elevation (i.e.,
subclinical AKI).7,10,12–14 The increasing evidence supporting the
added prognostic value of injury biomarkers to SCr data for AKI
diagnosis has resulted in experts recommending their inclusion in
AKI staging definitions.9
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Successful translation of these injury biomarkers to clinical practice
will require pragmatic and evidence-based guidance on their use. We
have previously demonstrated that directed use of injury biomarkers
in those at risk for severe AKI is feasible and improves precision of the
AKI diagnosis,15,16 using the validated risk stratification tool the Renal
Angina Index (RAI). Calculated 12 h after pediatric intensive care unit
(PICU) admission, the RAI incorporates AKI risk and injury criteria
(Supplementary Fig. 1), with a score of ≥8 identifying children with
renal angina at high risk for severe AKI 72 h later (RAI+).17,18 An
assessment of the SCr and injury biomarker based AKI phenotypes
(Fig. 1) exclusively in this high-risk subset of RAI+ patients (i.e., those
who may be most appropriate for injury biomarker testing) has not
yet been performed.
Thus, we aimed to assess the incidence and differential outcomes

of the four different NGAL- and SCr-based AKI phenotypes in RAI+
patients, and we hypothesized that elevation in urinary NGAL would
be associated with poor outcomes irrespective of SCr. Secondarily,
when data were available to do so, we also sought to examine the
incidence and outcomes of these AKI phenotypes in a cohort of RAI−
(RAI < 8) patients. We hypothesized a priori that the distribution of
the AKI phenotypes would differ in RAI− compared to RAI+ patients
but that elevation in urinary NGAL would continue to be associated
with poor outcomes.

METHODS
Study design and subjects
We performed a single-center, prospective, observational cohort study of
children and young adults aged 1 month–25 years who were admitted to a
quaternary PICU for at least 48 h from 2017 through 2020. This study was
approved by the Cincinnati Children’s Hospital Medical Center (CCHMC)
Institutional Review Board with a waiver of informed consent. The
following criteria were required for study inclusion: (1) an available RAI
score calculated appropriately at 12-h post-PICU admission, (2) an available
urine NGAL and SCr measured within 24 h of RAI calculation, and (3)
available PICU Day 3 SCr data. Patients were excluded if they had chronic
kidney disease, were requiring renal replacement therapy (RRT) at the time
of PICU admission, or if they were admitted post-operatively following a
kidney transplant. To facilitate enrollment, we leveraged an ongoing study
at CCHMC (TAKING FOCUS 2, NCT03541785) that operationalizes
automated RAI calculation by the electronic medical record (EMR), with a
reflex order for urine NGAL released if the patient “rules in” for renal angina
(RAI ≥ 8, RAI+).19 Patients were screened for enrollment by N.L.S. in one of
the two ways: (1) via e-mail notification when a patient was RAI+ (i.e.,
already undergoing NGAL assessment automatically), and (2) via EMR
query of patients admitted to the PICU with an RAI < 8 (RAI−) who had a
urine NGAL sent within 48 h for clinical use based on provider discretion. A
flow diagram outlining patient screening and enrollment is outlined in

Fig. 2. Once enrolled, clinical and laboratory data were collected daily
during PICU admission for up to 7 days; mortality, duration of mechanical
ventilation, and duration of PICU stay were tracked for 28 days after
enrollment.

Definitions and measurements
The RAI was calculated for each patient by the EMR using clinical and
demographic data from the first 12 h of PICU admission (Supplementary
Fig. 1).17,18 Based on previous literature, children with an RAI of ≥8 were
deemed high risk for severe AKI 3 days later and termed RAI+; those with
an RAI <8 were termed RAI−.17,18

Subjects were classified as one of the four individual AKI phenotypes based
on SCr and urine NGAL concentrations: NGAL−/SCr− (no AKI), NGAL+/SCr−
(subclinical AKI), NGAL−/SCr+ (functional AKI), or NGAL+/SCr+ (damage-
associated AKI) (Fig. 1)12,20,21 on the day of PICU admission (Day 0). If more
than one SCr value was available on Day 0, the value closest to the RAI
calculation at 12 h post-admission was utilized. Patients were classified as
SCr+ if they had Kidney Diseases Improving Global Outcomes (KDIGO) stage
1 AKI or higher by SCr (≥1.5× baseline)22; they were termed NGAL+ if they
had a urine NGAL concentration ≥150 ng/ml.12,16 Baseline SCr was identified
using the lowest SCr value in the 3 months leading up to PICU admission. For
subjects without documented baseline SCr values (n= 90), estimated values
were calculated using their using their body surface area (m2) and an
estimated GFR of 120ml/min per 1.73m2, as previously validated in the
pediatric literature.1,23

The primary analyses focused on examining the association between
Day 0 AKI phenotype and outcomes in both RAI+ and RAI− patients. Our
primary outcome of interest was Day 3 severe AKI, which was defined as
KDIGO stage 2 AKI or higher by SCr criteria only (≥2× baseline).22

Secondary outcomes of interest included the development of >10%
cumulative fluid balance (FB) at Day 3, need for RRT in the first 7 days,
ventilator-free and PICU-free days (at Day 28 following PICU admission),
and PICU mortality. Cumulative FB percent was calculated using the
previously published formula: %FB= [(Total Fluid In (L)− Total Fluid Out
(L))/Admission Weight (kg)] × 100%.24

Data analysis
Given the lack of data regarding the incidence and outcomes for the
different NGAL- and SCr-based AKI phenotypes in RAI+ children, it was
determined a priori that 200 RAI+ patients would be included in this pilot
study, consistent with a previously published sample size.12 Similarly, it was
determined a priori that we would enroll all RAI− patients meeting criteria
for comparison during the study period (2017–2020), recognizing that the
number of patients in this group would likely be lower. After inclusion and
exclusion criteria were applied, a total of 247 (200 RAI+ and 47 RAI−)
patients were included in the final cohort.
Data were described using medians, interquartile ranges, frequencies,

and percentages. Comparisons between groups were performed using
Wilcoxon rank sum, Chi-square, or Fisher exact test, as appropriate. For
categorical outcomes, relative risk calculations were performed
for inter-group comparison. Chi-square testing was performed to assess
for a difference in the distribution of AKI phenotypes between RAI+ and
RAI− patients. For RAI+ patients, we also sought to assess the additive
value of NGAL measurement for outcome prediction. To do this, we
used logistic regression to assess the independent impact of NGAL
elevation on the development of Day 3 severe AKI, need for RRT in the
first 7 days, and mortality, after adjusting for potential confounders and/
or covariates identified on bivariate analysis. Potential confounders and/
or covariates considered included patient age, severity of illness by
Pediatric Risk of Mortality Score III (PRISM III),25,26 number of
comorbidities documented for the patient, number of nephrotoxic
medications received on Day 0 (see Supplemental Methods), and Day 0
AKI Stage by KDIGO SCr criteria. Variables with an alpha level <0.15 on
bivariate analysis were included in the multivariable logistic regression
model for each outcome. All statistical analyses were performed using
Sigmaplot 14.5 (Systat Software Inc., San Jose, CA).

RESULTS
Baseline characteristics
The study cohort consisted of 247 patients, 200 (81%) of whom
were RAI+ (Fig. 2). Forty-seven (19%) were RAI− and thus were
eligible for inclusion since they had an NGAL result obtained as

SCr (-)

NGAL (-) NGAL (+)

Tubular Injury Biomarker

Damage-Associated AKI
High rates of severe and/or
persistent AKI
Increased risk of requiring RRT

No AKI

Functional
Biomarker

Functional AKI
Often transient in nature
Low risk of severe AKI
Low risk of requiring RRT

Subclinical AKI
Increased risk of SCr-defined AKI
Increased resource utilization

SCr (+)

Fig. 1 Functional and tubular injury biomarker-based acute
kidney injury (AKI) phenotypes. Four unique AKI phenotypes with
distinct prognostic implications can be assigned by the presence
or absence of serum creatinine (SCr) elevation (SCr+= ≥KDIGO
stage 1) and the presence or absence of urinary NGAL elevation
(NGAL+=≥ 150 ng/ml).10–12
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part of clinical care by the ICU providers. Table 1 outlines basic
clinical, demographic, and outcome data for RAI+ vs. RAI−
patients. RAI+ patients had higher PRISM III scores, higher risk of
any and severe AKI on Day 3, as well as higher risk of requiring
mechanical ventilation when compared to RAI− patients.
There were no other differences in outcomes between the RAI+
and RAI− patients.

AKI phenotype assessment in patients fulfilling renal angina
criteria (RAI+)
Day 0 NGAL and SCr values classified the unique AKI phenotypes for
RAI+ patients: NGAL−/SCr− (n= 54, 27%), NGAL+/SCr− (n= 11,
5.5%), NGAL−/SCr+ (n= 44, 22%), and NGAL+/SCr+ (n= 91,
45.5%). There were no baseline demographic or clinical differences
between NGAL+/SCr− and NGAL−/SCr− patients on Day 0

Enrolled in study and analyzed
(total n=247)

RAI- (n=141)

RAI+ (n= 353)
Excluded (total n= 494)

Age > 25 years (n=13)
Chronic kidney disease or end stage renal
disease (n=45)
Immediately following kidney transplant (n=7)
NGAL collected too late (n=163)
No day 3 serum creatinine (n=13)
PICU length of stay <3 days (n=99)
Died before 3 days (n=13)

Age > 25 years (n=3)
Chronic kidney disease or end stage renal
disease (n=6)
Immediately following kidney transplant (n=2)
Missing or incorrect RAI data (n= 32)
No day 3 serum creatinine (n=3)
PICU length of stay <3 days (n=91)
Died before 3 days (n=4)

Screened patients eligible for study
(total n= 741)

RAI+ (n= 553)
Automated RAI ≥ 8

Automated RAI < 8

Automated reflex NGAL collected
Identified via automated email

RAI- (n= 188)

NGAL collected based on provider
preference within 48 hours
Identified via electronic medical
record query

RAI+: n= 200
RAI- : n= 47

Fig. 2 CONSORT flow chart of the included patients. In all, 741 consecutive patients meeting inclusion criteria were reviewed from April
2017 to December 2020. A total of 553 fulfilled criteria for renal angina (RAI+) and thus had reflex urinary NGAL samples automatically
collected. The remaining 188 did not have renal angina (RAI−) and were included because a urinary NGAL was ordered as part of clinical care
by the medical team. After exclusion criteria were applied, a total of 247 patients (200 RAI+, 47 RAI−) remained for inclusion in the analyses.

Table 1. Clinical, demographic, and outcome variables of the cohort by the presence or absence of renal angina fulfilment (RAI+).

All patients RAI+ RAI− Comparison

N (% total) 247 200 (81) 47 (19) —

Age (years) 10.2 [2.1, 16.1] 9.4 [2, 15.9] 12.4 [2.3, 17] p= 0.21

Gender, n (% male) 130 (53) 110 (55) 20 (43) p= 0.17

PRISM III 9 [5, 15] 10 [5, 16] 7 [3, 10] p= 0.002

Sepsis, n (%) 84 (34) 64 (32) 20 (43) p= 0.23

No. of comorbidities 2 [1, 2] 2 [1, 2] 2 [0, 3] p= 0.74

No. of Day 0 nephrotoxins 1 [1, 2] 1 [1, 2] 1 [1, 2] p= 0.70

Day 3 AKI, n (%) 117 (47) 105 (53) 12 (28) RR 2.1 (1.2–3.4, p= 0.002)

Day 3 severe AKI, n (%) 84 (34) 77 (39) 7 (15) RR 2.6 (1.3–5.2, p= 0.004)

Day 3 FO >10%, n (%) 76 (31) 61 (31) 15 (32) RR 0.96 (0.6–1.5, p= 0.99)

RRT use, n (%) 29 (12) 27 (14) 2 (4.3) RR 3.2 (0.8–12.9, p= 0.13)

Required MV, n (%) 185 (75) 158 (79) 27 (57) RR 1.4 (1.1–1.8, p= 0.004)

Ventilator-free days 26 [20.3, 27] 26 [19, 27] 27 [23, 28] p= 0.035

PICU-free days 21 [14, 24] 21 [13, 24] 22 [19, 25] p= 0.072

Mortality, n (%) 18 (7.3) 16 (8) 2 (4.3) RR 1.9 (0.5–7.9, p= 0.56)

RAI Renal Angina Index, AKI acute kidney injury, FO fluid overload, RRT renal replacement therapy, MVmechanical ventilation, PRISM III Pediatric Risk of Mortality
Score III.
Continuous data are reported as median [IQR].
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(Table 2). However, NGAL+/SCr− patients had increased risk of
>10% cumulative fluid balance at Day 3 (relative risk (RR) 2.9, 95%
confidence interval (C.I.) 1.5–5.6, p= 0.011) and 10 fewer ventilator-
free days (p= 0.011) compared to NGAL−/SCr− patients.
Similarly, Table 3 depicts demographic, clinical, and outcome

data for Day 0 SCr+ patients by NGAL status. NGAL+/SCr+
patients had higher PRISM III scores compared to NGAL−/SCr+
patients. NGAL+/SCr+ patients had increased risk for any AKI (RR
1.9, 95% C.I. 1.4–2.6, p < 0.001) and severe AKI (RR 2.5, 95% C.I.
1.5–4.1, p < 0.001) at Day 3, RRT use (RR 5.8, 95% C.I. 1.4–23.5,
p= 0.005), fewer ventilator-free days (p= 0.004) and PICU-free
days (p < 0.001), compared to NGAL−/SCr+ patients.

Impact of NGAL positivity on outcomes in patients fulfilling
renal angina criteria (RAI+)
NGAL+ patients had higher PRISM III scores, were more likely to have
sepsis, and had more baseline comorbidities (Supplementary Table 1).
NGAL+ patients were also more likely to have AKI at Day 3, require
RRT, suffer 28-day mortality, and have fewer ventilator-free and PICU-
free days (Supplementary Table 1). The association of Day 0 NGAL+
on outcomes for RAI+ patients is outlined in Table 4. After adjustment
for significant covariates identified on bivariate analyses for each
outcome, NGAL+ status conferred an incremental risk of severe Day 3
AKI (adjusted odds ratio (OR) 3.8, 95% C.I. 1.6–8.7, p= 0.002) and need
for RRT (adjusted OR 4.8, 95% C.I. 1.3–17.8, p= 0.019) and was the

Table 2. Clinical, demographic, and outcome variables of patients with renal angina (RAI+) who did not have serum creatinine elevation (SCr−) on
Day 0 by the presence or absence of NGAL elevation.

RAI+ Day 0 SCr− patients NGAL+/SCr− NGAL−/SCr− Comparison of NGAL+ to NGAL−

N (% total RAI+ cohort) 65 (33) 11 (5.5) 54 (27) —

Age (years) 11.5 [3.9, 15.7] 7.8 [0.82, 20.3] 12.1 [6.1, 15.7] p= 0.53

Gender, n (% male) 37 (57) 7 (64) 30 (56) p= 0.75

PRISM III 6 [3, 13.8] 11 [7, 21] 6 [3, 13.5] p= 0.053

Sepsis, n (%) 9 (14) 3 (27) 6 (11) p= 0.17

No. of comorbidities 1 [0.5, 2] 2 [0, 3] 1 [1, 2] p= 0.52

No. of Day 0 nephrotoxins 1 [1, 1] 1 [1, 2] 1 [1, 1] p= 0.038

Day 3 AKI, n (%) 7 (11) 3 (27) 4 (7.4) RR 3.7 (0.96–14.2, p= 0.088)

Day 3 severe AKI, n (%) 4 (6.2) 2 (18) 2 (3.7) RR 4.9 (0.77–31.2, p= 0.13)

Day 3 FO >10%, n (%) 19 (29) 7 (64) 12 (22) RR 2.9 (1.5–5.6, p= 0.011)

RRT use, n (%) 1 (1.5) 0 (0) 1 (1.9) p= 1.0

Required MV, n (%) 58 (89) 11 (100) 47 (87) RR 1.2 (1.0–1.3, p= 0.59)

Ventilator-free days 27 [21, 27] 17 [0, 27] 27 [24, 27] p= 0.011

PICU-free days 21 [15, 24] 15 [0, 24] 21 [20, 24] p= 0.13

Mortality, n (%) 3 (4.6) 1 (9) 2 (3.7) RR 2.5 (0.24–24.8, p= 0.43)

SCr serum creatinine, NGAL neutrophil gelatinase-associated lipocalin, AKI acute kidney injury, FO fluid overload, RRT renal replacement therapy, MVmechanical
ventilation, PRISM III Pediatric Risk of Mortality Score III.
Continuous data are reported as median [IQR].

Table 3. Clinical, demographic, and outcome variables of patients with renal angina (RAI+) who had serum creatinine elevation (SCr+) on Day 0 by
the presence or absence of NGAL elevation.

RAI+ Day 0 SCr+ patients NGAL+/SCr+ NGAL−/SCr+ Comparison of NGAL+ to NGAL−

N (% total RAI+ cohort) 135 (68) 91 (45.5) 44 (22) —

Age (years) 9.1 [1.7, 16] 11.0 [1.9, 16.5] 3.6 [1.6, 11.4] p= 0.053

Gender, n (% male) 73 (49) 49 (54) 24 (55) p= 0.91

PRISM III 11 [7, 17] 12 [8,18] 9 [5,14] p= 0.022

Sepsis, n (%) 55 (41) 41 (45) 14 (32) p= 0.20

No. of comorbidities 2 [1, 2] 2 [1,2] 2 [1,2] p= 0.67

No. of Day 0 nephrotoxins 1 [1, 2] 1 [1,2] 1 [1,3] p= 0.82

Day 3 AKI, n (%) 98 (73) 78 (86) 20 (45) RR 1.9 (1.4-2.6, p < 0.001)

Day 3 severe AKI, n (%) 73 (54) 61 (67) 12 (27) RR 2.5 (1.5-4.1, p < 0.001)

Day 3 FO >10%, n (%) 42 (31) 31 (34) 11 (25) RR 1.4 (0.76-2.4, p= 0.39)

RRT use, n (%) 26 (19) 24 (26) 2 (4.5) RR 5.8 (1.4-23.5, p= 0.005)

Required MV, n (%) 100 (74) 70 (77) 30 (68) RR 1.1 (0.90-1.4, p= 0.38)

Ventilator-free days 26 [19, 27] 24 [16,27] 27 [24,28] p= 0.004

PICU-free days 21 [13, 24] 18 [5,24] 23 [19,24] p < 0.001

Mortality, n (%) 13 (9.6) 12 (13) 1 (2.2) RR 5.8 (0.8-43.2, p= 0.088)

RAI Renal Angina Index, SCr serum creatinine, NGAL neutrophil gelatinase-associated lipocalin, AKI acute kidney injury, FO fluid overload, RRT renal replacement
therapy, MV mechanical ventilation, PRISM III Pediatric Risk of Mortality Score III.
Continuous data are reported as median [IQR].
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strongest independent predictor of both outcomes in RAI+ patients.
Although NGAL+ status was associated with increased mortality on
bivariate analysis, this association was not retained on multivariate
regression; PRISM III score and the presence of Day 3 severe AKI
(adjusted OR 14.9, 95% C.I. 2.4–95, p= 0.004) were the only retained
associated variables with mortality in this cohort.

AKI phenotype assessment in patients without renal angina
(RAI−)
Day 0 NGAL and SCr values were also used to classify the unique
AKI phenotypes for the 47 RAI− patients. The distribution
of these phenotypes differed from the RAI+ cohort (p < 0.001):
NGAL−/SCr− (n= 17, 36%), NGAL+/SCr− (n= 12, 26%), NGAL−/
SCr+ (n= 11, 23%), and NGAL+/SCr+ (n= 7, 15%). Basic
demographic, clinical and outcome data for Day 0 SCr− and
Day 0 SCr+ patients by NGAL status are shown in Supplementary
Tables 2 and 3, respectively. There was no association between
being NGAL+ and poor outcomes in RAI− patients who were
SCr− on Day 0 (Supplementary Table 3). Conversely, Day 0 SCr+
patients who were NGAL+ had 7 fewer ventilator-free days
(p= 0.048) and 8 fewer PICU-free days (p= 0.021) compared to
those who were NGAL− (Supplementary Table 3).

DISCUSSION
We demonstrate that concomitant use of urinary NGAL and SCr to
derive unique AKI phenotypes refines AKI diagnosis, particularly in

patients who are RAI+ and/or SCr+. Specifically, a urinary NGAL
concentration ≥150 ng/ml identifies a subset of RAI+ patients
most likely to develop severe AKI at Day 3, irrespective of SCr
concentration on admission. Conversely, urinary NGAL measure-
ment in a small subset of RAI− patients does not provide the
same prognostic value, except in those with SCr-defined AKI.
These data add to the growing body of evidence outlining the
clinical utility of urinary NGAL measurement10–12,15 and continue
to demonstrate the importance of having a framework for
identifying high-risk patients in whom thoughtful, targeted
biomarker measurement is appropriate and likely to be useful.
Early assessment of individual patient risk for severe, persistent

AKI is important given its association with poor outcomes and
continued reliance on kidney protection strategies and supportive
care as the mainstays of therapy.1–4 While previous work has
demonstrated the early prognostic value of AKI phenotypes,11,12

those studies were performed in all-comers to the ICU, providing
no guidance regarding which patients are appropriate for early
biomarker measurement. We attempted to address this knowl-
edge gap by utilizing the RAI17,18,27 to assess the potential impact
of pre-test probability for severe AKI on the predictive perfor-
mance of the individual AKI phenotypes. In this cohort, the
associations between AKI phenotypes indicative of tubular injury
(i.e., damage-associated AKI and subclinical AKI) and poor
outcomes were indeed stronger in patients who were RAI+;
furthermore, the absence of tubular injury was associated with
lower rates of persistent AKI at Day 3, need for RRT, and other poor

Table 4. Bivariate analysis and multivariate logistic regression analysis of predictors of severe Day 3 acute kidney injury (AKI), Day 1–7 renal
replacement therapy (RRT) use, and mortality in patients with renal angina (RAI+).

Variable Bivariate analysis Multivariate logistic regression

No Day 3 severe AKI Day 3 severe AKI p value Adjusted odds ratio (95% C.I.) p value

N (% RAI+ cohort) 123 (61.5) 77 (38.5) — — —

Age (years) 10 [2, 14.7] 9 [2.1, 16.9] 0.48 — —

PRISM III 10 [4, 15] 11 [7.5, 18] 0.016a 1.0 (0.97–1.1) 0.47

No. of comorbidities 1 [1, 2] 2 [1, 2] 0.79 — —

No. of Day 0 nephrotoxins 1 [1, 2] 1 [1, 2.5] 0.11a 1.3 (0.9–1.8) 0.22

Day 0 AKI stage 1 [0, 2] 3 [2, 3] <0.001a 3.6 (2.4–5.4) <0.001

Day 0 NGAL ≥150 ng/ml 39 (31.7) 63 (81.8) <0.001a 3.8 (1.6–8.7) 0.002

No Day 1–7 RRT use Day 1–7 RRT use p value Adjusted odds ratio (95% C.I.) p value

N (% RAI+ cohort) 173 (86.5) 27 (13.5) — — —

Age (years) 9.2 [2, 15.7] 13.6 [3.8, 16.5] 0.20 — —

PRISM III 11 [5, 15.8] 11 [8, 19] 0.21 — —

No. of comorbidities 2 [1, 2] 2 [1, 2] 0.69 — —

No. of Day 0 nephrotoxins 1 [1, 2] 1 [0, 2] 0.37 — —

Day 0 AKI stage 1 [0, 2] 3 [2, 3] <0.001a 2.0 (1.2–3.3) 0.007

Day 0 NGAL ≥150 ng/ml 78 (45) 24 (88.9) <0.001a 4.8 (1.3–17.8) 0.019

No mortality Mortality p value Adjusted odds ratio (95% C.I.) p value

N (% RAI+ cohort) 184 (92) 16 (8) — — —

Age (years) 10.2 [2.1, 15.8] 3.0 [0.8, 16.5] 0.21 — —

PRISM III 10 [5, 15] 15.5 [8.3, 21] 0.02a 1.1 (1.0–1.2) 0.042

No. of comorbidities 2 [1, 2] 1 [0, 2] 0.26 — —

Day 0 AKI stage 1 [0, 3] 2 [1.25, 3] 0.06a 0.76 (0.4–1.4) 0.37

Day 0 NGAL ≥150 ng/ml 89 (48.4) 13 (81.3) 0.024a 1.4 (0.3–6.2) 0.70

Day 3 severe AKI 63 (34.2) 14 (87.5) <0.001a 14.9 (2.4–95) 0.004

AKI acute kidney injury, RAI Renal Angina Index, NGAL neutrophil gelatinase-associated lipocalin, PRISM III Pediatric Risk of Mortality Score III.
Continuous data are reported as median [IQR].
aVariables with alpha level <0.15 on bivariate analysis were included in the multivariate logistic regression model for each outcome, with subsequent adjusted
odds ratios calculated.
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outcomes, even in the presence of SCr elevation. While the RAI−
group was comprised of only 47 patients, similar associations were
not observed, except in those with SCr elevation. Taken together,
we suggest that RAI+ and/or isolated SCr+ patients are most
likely to benefit from tubular injury biomarker assessment to help
identify their specific AKI phenotype and improve risk prediction
for Day 3 AKI and associated poor outcomes.
Once identified, these AKI phenotypes may help inform care at

the bedside. In this cohort, patients who were RAI+ had a 39%
incidence of severe AKI at Day 3 of PICU stay, reflecting more than
a twofold risk increase compared to RAI− patients. Identifying the
specific biomarker-based AKI phenotype in these RAI+ patients
may allow for this risk profile to be further refined. For instance,
RAI+ patients identified as NGAL-/SCr− can be assigned the
lowest-risk category, with the focus being delivery of standard
care without unnecessary, low-value interventions given their low
risk for progression to severe AKI. Similarly, patients identified as
NGAL−/SCr+ could also be stratified into a lower-risk echelon,
with a focus on avoidance of unnecessary interventions in
response to SCr-defined AKI, as these patients are likely to recover
with appropriate maintenance of euvolemia and adequate renal
perfusion.28,29 In contrast, the highest-risk patients can be
identified as NGAL+/SCr+, as these patients had higher rates of
Day 3 AKI, RRT use, and increased resource utilization, compared
to other AKI phenotypes. These patients are important to identify
to facilitate early and aggressive kidney protection strategies that
may improve outcomes,30–32 to appropriately allocate the use of
high-risk and costly therapies such as RRT, and to inform
enrollment of high-risk patients into clinical trials aimed at
identifying effective AKI disease-modifying therapies. Although
the numbers were small, the risk profile of RAI− patients who
were NGAL+/SCr+ was similar, with 57% having Day 3 severe AKI
and 29% requiring RRT. These data suggest that a similar approach
to management is likely warranted in these patients, despite
being deemed low risk by the RAI.
Of note, our data suggest that biomarker screening to identify

patients with subclinical AKI (NGAL+/SCr−) may only be clinically
useful in those with renal angina fulfillment (RAI+). While there
are now substantial data to support the existence and importance
of subclinical AKI,11,12,14,21,33 the exact incidence is unknown, and
the questions of when to test kidney injury biomarkers and in
whom are particularly important, but remain unanswered. While
the number of RAI+ patients with subclinical AKI was less than
expected (only 5.5% of RAI+ cohort), trends toward higher rates of
AKI and worse outcomes were seen in these patients compared to
their biomarker negative counterparts. Conversely, although 26%
of the RAI− cohort (n= 12) were identified as having subclinical
AKI— an incidence more consistent with previous reports12— this
designation did not appear to be associated with any AKI-related
outcomes. As noted above, while these data suggest using a
framework for biomarker testing to identify this phenotype only in
RAI+ patients, further study is warranted given the limited
sample size.
This study helps provide some preliminary guidance on the

specific patient populations in whom tubular injury biomarkers are
useful to obtain, an important piece of information given the
continued advocacy for their use in clinical practice.9 However, our
data has limitations. Given the nature of the study, providers were
not blinded to either the RAI or NGAL data, and thus, their values
could have informed clinical care and subsequent AKI rates.
Additionally, despite a long enrollment period, the number of
RAI− patients with NGAL data was comparatively low, and thus
conclusions about this specific subset of patients are difficult to
draw as the study is likely underpowered in this regard. Finally, as
this was an observational study of a new clinical practice in our
PICU (i.e., automated RAI screening followed by NGAL assessment
if patients were RAI+), there were some initial challenges with

fidelity of this intervention that resulted in high drop-out rate
related to delayed NGAL data specifically (Fig. 2). Though this
improved throughout the study period, we recognize that this
could bias our results, as we failed to capture all RAI+ patients in
this study. We suggest that future work aims to address these
limitations in larger study populations.

CONCLUSION
In summary, injury biomarker and SCr-based AKI phenotypes
provide important prognostic information on ICU admission about
an individual patient’s risk for ongoing AKI and associated poor
outcomes. The added predictive benefit of this biomarker
information appears to be most pronounced in patients with
renal angina fulfillment or SCr-defined AKI, thus suggesting that
targeted biomarker testing in these specific patient populations is
warranted. This work could provide a preliminary framework to
help operationalize tubular injury biomarkers into clinical practice.
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