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Acute Kidney Injury Is Common in Pediatric Severe
Malaria and Is Associated With Increased Mortality
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Background. Acute kidney injury (AKI) is a well recognized complication of severe malaria in adults, but the incidence and
clinical importance of AKI in pediatric severe malaria (SM) is not well documented.

Methods. One hundred eighty children aged 1 to 10 years with SM were enrolled between 2011 and 2013 in Uganda. Kidney
function was monitored daily for 4 days using serum creatinine (Cr). Acute kidney injury was defined using the Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines. Blood urea nitrogen (BUN) and Cr were assessed using i-STAT, and cystatin C
(CysC) was measured by enzyme-linked immunosorbent assay.

Results.  Eighty-one (45.5%) children had KDIGO-defined AKI in the study: 42 (51.9%) stage 1, 18 (22.2%) stage 2, and 21
(25.9%) stage 3. Acute kidney injury evolved or developed in 50% of children after admission of hospital. There was an increased
risk of AKI in children randomized to inhaled nitric oxide (iNO), with 47 (54.0%) of children in the iNO arm developing AKI com-
pared with 34 (37.4%) in the placebo arm (relative risk, 1.36; 95% confidence interval [CI], 1.03-1.80). Duration of hospitalization
increased across stages of AKI (P =.002). Acute kidney injury was associated with neurodisability at discharge in the children re-
ceiving placebo (25% in children with AKI vs 1.9% in children with no AKI, P =.002). Mortality increased across stages of AKI
(P=.006) in the placebo arm, reaching 37.5% in stage 3 AKI. Acute kidney injury was not associated with neurodisability or mor-
tality at discharge in children receiving iNO (P > .05 for both). Levels of kidney biomarkers were predictive of mortality with areas
under the curves (AUCs) of 0.80 (95% CI, .65-.95; P =.006) and 0.72 (95% CI, .57-.87; P <.001), respectively. Admission levels of
CysC and BUN were elevated in children who died by 6 months (P <.0001 and P =.009, respectively).

Conclusions. Acute kidney injury is an underrecognized complication in young children with SM and is associated with in-
creased mortality.
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Acute kidney injury (AKI) is a common complication of severe
malaria (SM) in adults, affecting up to 40% of patients [1,2]. In
the absence of appropriate renal replacement therapy (RRT), the
case fatality rate approaches 75% [1,2]. Clinically and patholog-
ically, AKI in adults with SM resembles acute tubular necrosis
with oliguria in 60%-70% of cases [3]. Prompt initiation of RRT
has been associated with reduction in malaria-associated AKI in
adults [2]. It is recognized that children presenting to hospital
with SM and AKI are at increased risk of death [4-7, 8 ]; how-
ever, estimates of the incidence of AKI in children with SM are
limited with prior studies using measurements of urine output,
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which may be insensitive to mild to moderate AKI, or single es-
timates of creatinine (Cr) or blood urea nitrogen (BUN), which
may not capture the extent of AKI over time in children with
SM and may miss small changes in kidney function that are
now known to be associated with less favorable outcomes [9].
Better estimates of the incidence of AKI and the morbidity
and mortality associated with AKI in African children with
SM are needed.

There is increasing evidence that even small changes in kid-
ney function are associated with increased morbidity, mortality,
and risk of developing chronic kidney disease (CKD) [10]. The
Kidney Disease: Improving Global Outcomes (KDIGO) guide-
lines recommend broadening the definition of AKI to encom-
pass acute changes in renal function, including patients with
functional impairments relative to physiological demands
[10]. In clinical settings, kidney function is assessed using the
glomerular filtration rate (GFR) and/or urine output [10]. Glo-
merular filtration rate is estimated using filtration marker Cr.

Data from a meta-analysis suggest that filtration marker cys-
tatin C (CysC) may be an earlier marker of AKI than Cr [11].
Cystatin C is a 13-kDa nonglycosylated cysteine protease
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inhibitor produced by nucleated cells, filtered by the renal glo-
meruli, and reabsorbed and catabolized by proximal tubular
cells [12]. Cystatin C is less subject to the effects of age, sex,
and race than Cr [13, 14], making it an attractive biomarker
of kidney functional status. Elevated CysC has been described
in pediatric [15] and adult populations with Plasmodium falcip-
arum infection [12]. Cystatin C has also been identified as a
prognostic marker in critically ill children [16].

In this study, we evaluated the incidence and outcome of AKI
in Ugandan children with SM enrolled in a clinical trial evalu-
ating inhaled nitric oxide (iNO) as an adjunctive therapy to in-
travenous artesunate [17]. We also investigated the relationship
between kidney biomarkers, AKI, and mortality.

METHODS

Study Design
This study represents a secondary analysis of a randomized, dou-
ble-blind, placebo-controlled trial evaluating iNO as an adjunc-
tive therapy for SM (2011-2013) [17]. All children were treated
with intravenous artesunate. One hundred eighty children aged 1
to 10 years with SM were enrolled at Jinja Regional Referral Hos-
pital where advanced care, including mechanical ventilation and
RRT, is not available. Children were eligible if they had a rapid
diagnostic test positive for P falciparum histidine-rich protein 2
and parasite lactate dehydrogenase [17] and at least 1 of the fol-
lowing criteria for SM: repeated seizures, prostration, impaired
consciousness, or respiratory distress. Exclusion criteria included
the following: known chronic illness and severe malnutrition.

Eligible patients were randomly assigned to treatment with
iNO (80 ppm) or placebo delivered continuously for up to 72
hours. Renal function was monitored daily for 4 days using
Cr (i-STAT CHEMS8+ or Crea; Abbott Laboratories, Saint-
Laurent, Québec). Creatinine measured by i-STAT is traceable
to isotype dilution mass spectrometry and is free of interference
from hemoglobin, bilirubin, and glucose [18]. Acute kidney in-
jury with worsening renal function after study gas initiation was
a criterion for study gas withdrawal [17].

After discharge from hospital, children were observed at day
14, and children aged <5 years underwent neurocognitive eval-
uation at 6 months.

Assessment of Kidney Function

Acute kidney injury was defined based on KDIGO guidelines
using Cr alone, because data on urine output were not available
[19]. Glomerular filtration rate was estimated using the Schwartz
equation: Cr clearance (mL/min per 1.73 m?) = [length (cm) x k]/
Cr (mg/dL), where k =0.413 (constant for children aged 1 to 13
years) [20]. Acute kidney injury was defined as follows: a rise in
Cr by >0.3 mg/dL (26 umol/L) within 48 hours, or a >1.5-fold
increase in Cr from the reference value. In children meeting the
criteria for AKI, it was staged as follows: stage 1, >26 pumol/L with-
in 48 hours or 1.5-1.9x nadir Cr; stage 2, >2 to 2.9 nadir Cr;

stage 3, >3x nadir Cr or >4 mg/dL (354 umol/L) over the course
of hospitalization (72 hours) or an estimated GFR (eGFR) <35
mL/min per 1.73 m? [20]. The baseline Cr was estimated assum-
ing a normal GFR of 120 mL/min per 1.73 m? [21]. Length data
were missing from 15 children so the length was imputed assum-
ing the median length for sex and age using World Health Orga-
nization (WHO) growth charts. Renal replacement therapy was
not used in the diagnosis or staging of AKI because it was not
available.

Assessment of Cystatin C

K,EDTA plasma was collected daily and stored at —80°C until
testing. Plasma CysC was measured using an R&D Systems Du-
oSet ELISA (Burlington, Canada) with the investigator blinded
to treatment arm and outcome. Protein concentrations were ex-
trapolated from 4 parameter logistic curves on each plate using
Genb software (BioTek).

Statistical Analysis

Data were analyzed using IBM SPSS version 20, MedCalc ver-
sion 13.1.2, and GraphPad Prism version 6. Continuous data are
presented as medians (interquartile range [IQR]) and analyzed
nonparametrically. Categorical data were analyzed using Pear-
son > or Fisher’s exact tests, as appropriate. To test for trend
across stages of AKI, Jonckheere-Terpstra Test for Ordered Al-
ternatives was used for continuous data and y test for linear
trend was used for ordinal data. Spearman correlation was
used to evaluate associations between renal biomarkers. The re-
lationship between biomarker levels and mortality was explored
using Mann-Whitney U test and nonparametric receiver oper-
ating characteristic (ROC) curves. Biomarker cut-points were
generated using the Youden Index. The areas under indepen-
dent ROC curves (AUCs) were compared using the method
of Delong et al [22].

Ethics, Consent, and Permissions

Ethical approval for this study was granted by the Uganda Na-
tional Council for Science and Technology, the Uganda Nation-
al Drug Authority, and Makerere University Research Ethics
Committee in Uganda, and the Toronto Academic Health Sci-
ence Network in Canada. All parents or guardians provided
written informed consent for participation in the study.

RESULTS

Incidence of Acute Kidney Injury in Severe Malaria

Data were available for 178 children (study flowchart, Figure 1).
The median age of children was 2 years (IQR, 1-3), and 56.7% of
the children were male. The demographic and clinical character-
istics of children in the cohort are shown in Table 1. Overall, 81
children (45.5%) had KDIGO-defined AKI: 42 (51.9%) were
stage 1, 18 (22.2%) were stage 2, and 21 (25.9%) were stage 3.
Children over 5 years of age were not an increased risk of AKI
(relative risk [RR], .86; 95% confidence interval [CI], .57-1.29)
compared to younger children. There were trends of lower
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Flow chart of study population. A flow chart showing the children enrolled in the study, the incidence of Kidney Disease: Improving Global Outcomes-defined acute

kidney injury (AKI) by stage, and mortality across stages of AKI at day 14 and 6-month follow up.

height-for-age z-scores, systolic blood pressure, base excess, and
bicarbonate, and higher pulse rates, lactate, sodium, potassium,
and chloride across stages of AKI (P <.05 for all; Table 1).
This study was nested within a randomized clinical trial eval-
uating iNO as an adjunctive therapy for SM where kidney func-
tion was monitored daily as a safety endpoint for the trial. Ten
children had gas permanently discontinued for AKI: 9 with

stage 3 disease and 1 with stage 2 disease. There were no differ-
ences in AKI between trial arms using the definition for clinical
monitoring/gas withdrawal (P =.21) [23]. Children randomized
to iNO were more likely to meet the definition of AKI than chil-
dren in the placebo arm (iNO arm, n =47 [54.0%] had AKI vs
placebo, n =34 [37.4%]: RR, 1.36; CI, 1.03-1.80; P=.026). We
repeated the analysis focusing on children who developed AKI
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Table 1. Characteristics of Study Population According to Kidney Function
Acute Kidney Injury (n=381) Test-
for-
Characteristics Cohort (n=178) No AKI (n=97) Stage 1 (n=42) Stage 2 (n=18) Stage 3 (n=21) Trend
Demographics
Age 2 (1-3) 2.0(1.0, 3.0 2.0 (1.0, 3.0 1.3 (1.0, 2.0) 1.5(1.0, 2.8) 0.120
Age >5y 16 (9.0) 10 (10.3) 3(7.1) 1(5.6) 2 (9.5) 0.673
Males 101 (66.7) 53 (54.6) 19 (47.6) 18 (88.9) 12 (57.1) 0.245
Weight-for-age z-score -1(=2,0) -1.0 (=2.0, 0.0) -1.0 (-2.0, 0.0 -1.0(-1.3,0.0) 0.0 (-1.0, 0.0) 0.355
Height-for-age z-score -2 (=3, 0) -1.0(-2.3,0.3) -2.0(=3.0, -1.0) -1(-3.0,0.8) -2.0 (4.0, 0.0 0.022
Fever, days 3 (2-4) 3 (3, 5) 3(2,3) 3(2,3) 3(2,4) 0.014
Clinical
temperature, °C 37.9 (37.0-38.8) 37.9 (37.0, 38.9) 38.2 (37.2, 39.0) 37.8 (36.7, 38.82) 37.7 (37.1, 38.8) 0.938
Respiratory rate, bpm 8 (38-62) 46 (36, 58) 48 (37, 67) 50 (40, 70) 53 (43, 62) 0.126
Pulse rate, bpm 162 (144-179) 159 (143, 175) 162 (140, 175) 178 (158, 187) 179 (143, 187) 0.011
Systolic BP, mmHg 0 (100-120) 110 (100, 120) 110 (100, 127) 100 (98 120) 110 (90, 120) 0.085
Blantyre Coma Score 2 (2-3) 2(2,3) 2(2,3) 2(1,2.3) 2(1,3) 0.033
Hemoglobinuria® 2 (18.0) 15 (15.5) 9 (21.4) 3(16.7) 5 (23.8) 0.382
Respiratory distress 100 (56.2) 50 (51.5) 23 (54.8) 14 (77.8) 13(61.9) 0.117
Severe anemia® 113 (63.5) 62 (63.9) 25 (569.5) 9 (50.0) 17 (81.0) 0.501
Shock 16 (9.0) 6 (6.2) 5(11.9) 3(11.1) 3(14.3) 0.179
Laboratory
Parasitemia, parasites/uL 26 000 (2431-87 120) 24440 (2480, 72110) 29400 (4420, 128 120) 19240 (750, 64 920) 22940 (1320, 81 920) 0.745
Hb, g/dL 4.8 (3.2-6.5) 4.8(3.3,6.5) 4.8 (3.0, 6.5) 5.5 (2.5, 6.7) 4.(4.0,6.7) 0.978
WBC x10%/L 11.8 (7.6-19.4) 10.8 (6.8, 18.0) 12.4 (8.2, 20.9) 15.1 (1.7, 22.7) 17.3 (6.2, 23.2) 0.061
Platelet x10%/L 71 (38-126) 66 (42, 124) 80 (36, 138) 74 (34, 180) 59 (35, 114) 0.924
Glucose, mmol/L 6.7 (6.5-8.1) 6.6 (5.5, 7.9) 6.7 (5.5, 8.1) 6.8 (5.8, 7.6) 7.4 (4.9, 10.3) 0.356
Lactate, mmol/L 3.6 (2.1-6.4) 3.3(2.1,6.0) 3.3(2.0,5.7) 4.0(2.8,7.5) 5.4 (3.2,12.9) 0.025
BEecf, mmol/L -8 (=12, -4) -7 (=11, =3) -8 (=12, -5) —10 (=16, =3) —12 (=18, —4) 0.006
HCO3~, mmol/L 17.3 (13.0-20.1) 18.1 (14.7, 20.4) 17.2 (12.3,19.2) 15.1 (11.3, 19.9) 13.2 (8.3, 19.6) 0.007
Na*, mmol/L 137 (134-140) 137 (134, 139) 139 (135, 142) 139 (134, 144) 139 (136, 142) 0.014
K*, mmol/L 4.1 (3.7-4.5) 4.0 (3.6, 4.4) 4.2 (3.7, 4.7) 4.2 (3.8,4.7) 4.3 (3.8, 4.5) 0.036
CI7, mmol/L 108 (104-112) 107 (104, 110) 110 (104, 115) 110 (104, 115) 111 (107, 116) 0.012
Treatment
Nitric oxide 87 (48.9) 39 (42.4) 21 (51.2) 14 (58.3) 13 (61.9) 0.051
Transfusion, no. 1.0 (0.8-2.0) 110, 2) 1(0.8, 2) 1(0.8, 2) 1(1,2) 0.216
Volume fluid first 48 h, mL 1000 (500, 1500) 1000 (500, 1500) 1020 (760, 1525) 1010 (526, 1428) 1410 (510, 1571) 0.090
Outcomes
Neurodisability at Discharge® 13 (8.0 3(3.2) 6 (16.2) 2 (12.5) 2 (12.5) 0.056
Duration hospitalization,® h 67 (59-85) 62 (59, 82) 78 (62, 103) 80 (76, 84) 103 (63, 140) 0.002
Death, 14 d 16 (9.0) 4 (4.1) 5(11.9) 3(11.1) 4(23.8) 0.004
Death, 6 mo 23 (16.1) 10 (12.5) 6 (18.8) 2 (14.3) 5(29.4) 0.119
Renal Function
Estimated baseline Cr, mg/dL 0.28 (0.25, 0.31) 0.29 (0.26, 0.32) 0.26 (0.24, 0.30) 0.27 (0.23, 0.30) 0.27 (0.25, 0.30) 1.000
Admission Cr, mg/dL 0.36 (0.27, 0.47) 0.29 (0.21, 0.35) 0.40 (0.36, 0.46) 0.55 (0.39, 0.66) 0.93 (0.64, 1.68) <0.001
Nadir Cr 0.25 (0.20, 0.33) 0.21 (0.21, 0.25) 0.28 (0.21, 0.36) 0.29 (0.20, 0.39) 0.51 (0.37, 0.76) <0.001
Peak Cr 0.41 (0.33, 0.55) 0.33 (0.27, 0.39) 0.45 (0.41, 0.54) 0.59 (0.55, 0.68) 1.47 (0.87, 2.19) <0.001
Day Cr nadir 31(2,4) 3(1,4) 3(2,4) 3(2,4) 3(1,4) 0.286
Day Cr peak 15(1,2) 2(1,2) 2(1,2) 1(1,2) 2(1,3) 0.783

Abbreviations: AKI, acute kidney injury; BP, blood pressure; BEecf, base excess; bpm, beats per minute; Cr, creatinine; Hb, hemoglobin; WBC, white blood cell.

@ Based on parental report.
° Hemoglobin <5 g/dL.
¢ In survivors.

after starting treatment with iNO or placebo. Nineteen children ~ with a peak Cr recorded after day 1: 4 (9.1%) in the placebo arm
and 6 (15.0%) in the iNO arm (P = .404). The kinetics of Cr over

hospitalization and across stages of AKI in children receiving

(47.5%) in the iNO arm had worsening renal function after ad-
mission compared with 17 (38.6%) children in the placebo arm

(P=.412). Ten children developed stage 3 AKI after admission =~ iNO versus placebo are shown in Figure 2.

4 o OFID e Conroy et al



To explore the evolution and resolution of AKI in malaria, we
plotted the kinetics of Cr over hospitalization (Figure 2). Fifty
percent of children had their Cr peak on day 1, 29% peaked
on day 2, 14% peaked on day 3, and 7% peaked on day
4. There were no differences in the timing of Cr peak between
children with or without AKI (P =.850), or across stages of AKI
(P =.738). To evaluate the nature of renal injury/impairment in
children with AKI, the BUN (mg/dL) to Cr (mg/dL) ratio was
calculated at admission. Eighty-four percent of children had a
BUN:Cr > 20 consistent with impaired renal perfusion (n = 64),
whereas 8% had a BUN:Cr < 10 consistent with renal tubular
damage. Because anemia can affect renal oxygenation, we as-
sessed whether AKI was related to hemoglobin level or presence
of severe anemia. There was no relationship between hemoglobin
levels and eGFR or CysC levels, or the presence or stage of AKI
(data not shown).

Biomarkers of Kidney Function Increase Across Stages of Acute Kidney
Injury

We evaluated biomarkers of kidney function (BUN and CysC)
in children with or without AKI. Admission BUN and CysC
were significantly higher in children with AKI compared with
those without (BUN, P =.0086; CysC, P <.0001) with levels in-
creasing across stages of AKI (BUN, P <.0001; CysC, P <.0001,

test for trend) (Figure 3). Because both Cr and CysC are mark-
ers of GFR, we explored correlations between the markers over
hospitalization stratified by severity of AKI. Creatinine and
CysC were positively correlated over hospitalization (day 1, 2,
3, 4), with the strongest associations observed in children with
stage 3 AKI (Figure 4).

Relationship Between Admission Biomarkers, Morbidity, and Mortality
There was an increase in mortality across stages of AKI
(P =.004, linear-by-linear association) with mortality reaching
23.8% in children with stage 3 AKI (Table 1). The association
between stage of AKI and mortality was seen in the placebo
group only (P =.006) with 37.5% mortality in stage 3 AKI, in-
dicating that this association was not an effect of iNO. The as-
sociation between stage of AKI and mortality in the iNO group
was not significant (P =.136) with mortality at 15.4% in stage 3
AKI. All children who died in-hospital with multiple Cr mea-
surements had increasing Cr before death (n=5). To explore
the broader association between kidney function and outcome,
we examined the association between levels of kidney biomarkers
at admission and day 14 mortality. There was no difference in
median Cr or eGFR between survivors and nonsurvivors. Median
levels of both BUN and CysC at admission were higher in non-
survivors (P =.0066 and P =.0001, respectively) (Figure 3). The
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Figure 2.  Changes in creatinine over hospitalization according to outcome and stage of acute kidney injury (AKI). (A) Line graphs showing individual creatinine plots for each
child according to trial arm with children randomized to placebo in black and children randomized to inhaled nitric oxide (iNO) in blue. Line graphs showing individual creatinine
plots for children with AKI according to stage [(B) stage 1 AKI; (C) stage 2 AKI; (D) stage 3 AKI] and trial arm. (E) Line graphs showing individual creatinine plots for each child
according to outcome with survivors shown in black and in-hospital deaths shown in red. (B-D) Line graphs showing individual creatinine plots for children with AKI according to
stage [(F) stage 1 AKI; (G) stage 2 AKI; (H) stage 3 AKI] and the timing of creatinine peak, with early indicating the peak creatinine recorded on day 1 or 2 of hospitalization, and

late indicating the peak creatinine recorded on day 3 or 4 of hospitalization.
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ability of the biomarkers to predict day 14 mortality was further
explored using ROC curves comparing the area under the curve.
Both CysC and BUN had moderate discriminatory ability, with
AUC:s of 0.80 (95% ClI, .65-.95) and 0.72 (95% CI, 0.57-0.87),
respectively. Using the Youden index to identify biomarker cut-
points, BUN > 21 mg/dL had a sensitivity of 78.6% (95% CI,
49.2-95.3) and a specificity of 67.2% (95% CI, 57.9-75.7), where-
as CysC > 1.369 pg/mL had a sensitivity of 71.4% (95% CI, 41.9-
91.6) and specificity of 85.5% (95% CI, 78.9-90.7) to predict
death at day 14.

We looked at the association between AKI and all-cause mor-
tality at 6 months postdischarge (Figure 1). Seven children died
between day 14 and 6 months follow up (no AKI, n = 6; stage 1
AKI, n=1). Admission levels of both CysC and BUN levels

were elevated in children who died by 6 month follow up
(P <.0001 and P =.009, respectively). Acute kidney injury was
not associated with a significant increase in risk of all-cause
mortality at 6 months (RR, 1.34; 95% CI, .82-2.19).

Acute kidney injury and stage of AKI was associated with in-
creased duration of hospitalization (P =.001 and P =.002, re-
spectively). This effect remained significant when stratified by
trial arm (P <.0001 for both placebo and iNO arms). In the
placebo arm, AKI was associated with neurodisability with
7 (25.0%) of children with AKI being diagnosed with neurodis-
ability at discharge compared to 1 (1.9%) of children without
AKI having neurodisability at discharge (P =.002). There was
no difference in rates of neurodisability associated with AKI
in children receiving iNO with 7.3% of children with AKI
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Figure 4. Relationship between serum creatinine (Cr) and cystatin C (CysC) in children over hospitalization according to renal function. (A-D) Plots showing the relationship

between Cr and CysC over hospitalization using linear regression stratified by acute kidney injury (AKI) stage.
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having neurodisability at discharge compared with 5.1% in chil-
dren without AKI, P =1.00. We investigated the association be-
tween renal biomarkers and neurodisability and found
increased admission levels of Cr and lower admission eGFR
was associated with neurodisability at discharge in the placebo
group only (P =.005 and P =.003, respectively). Neither CysC
nor BUN was associated with neurodisability at discharge in ei-
ther group.

DISCUSSION

Although AKI is recognized as a relatively common complication
in adults with SM, the incidence of AKI in children with malaria
has not been systematically assessed with longitudinal assessment
of Cr over hospitalization. Malaria is a major infection-related
cause of AKI in malaria-endemic areas [6, 7, 24-26], but there
are limited data on the incidence of AKI in pediatric SM with es-
timates ranging from 3% to 31% [6, 7, 27, 28]. In this study, we
prospectively assessed the incidence of AKI in a cohort of chil-
dren randomized to iNO or placebo as an adjunctive therapy
for SM. Because iNO has been associated with an increased
risk of developing AKI in critically ill adults [29], kidney function
was monitored daily. We observed an increased risk (RR, 1.40;
95% CI, 1.03-1.90) of developing AKI associated with iNO ther-
apy. Using the KDIGO guidelines to define and stage AKI in the
cohort, 37.4% of children in the placebo arm had AKI with 58.8%
stage 1, 17.6% stage 2, and 23.5% stage 3. There was an associa-
tion between the severity of AKI and short-term mortality and
neurodisability at discharge in the placebo arm only, despite a
limited number of deaths in our population. Admission levels
of CysC and BUN were associated with all-cause 14-day and 6-
month mortality. Furthermore, all children who died in-hospital
after the first day of admission had rising Cr before death, despite
receiving intravenous fluids and effective antimalarial therapy.
Our findings linking AKI to mortality are consistent with previ-
ous pediatric studies [4, 6-8, 30].

Blood urea nitrogen was identified as an independent predic-
tor of mortality in a large cohort (n = 4148) of children with SM
[4]. In this study, BUN was increased in AKI, across stages of
AKI, and was associated with mortality. Blood urea nitrogen
levels >21 mg/dL had a sensitivity and specificity of 78.6%
and 67.2%, respectively, to predict short-term mortality (day
14). This threshold is comparable with the 20 mg/dL used to de-
fine uremia in previous reports [4].

Our data suggest hypoperfusion/renal ischemia may have
contributed to AKI in the majority of children. Because BUN
levels were only available at presentation, we cannot confirm
whether pre-renal azotemia persisted after fluid administration.
The recent FEAST trial suggests that bolus fluids may be harm-
ful in African children with fever, compensated shock, and ei-
ther respiratory distress or impaired consciousness [31], clinical
features present in many of the children in the present study.
Further studies will be required to define the indications for

bolus fluid administration in the context of pre-renal azotemia
in children with SM, because AKI in this population is also as-
sociated with increased mortality and bolus fluid administration
may be helpful in correcting this condition. Alternatively, use of
ionotropes to support intravascular volume may provide the
necessary adjunctive therapy without requiring bolus fluid ad-
ministration. Pathophysiologically, sequestration of parasitized
erythrocytes in the microvasculature may contribute to kidney
hypoperfusion. Post mortem studies have documented parasite
sequestration in the kidneys in adults [3] and children [32] with
SM. Cardiac dysfunction secondary to hypovolemia [33,34] and
severe anemia [35] may also contribute to poor kidney perfu-
sion, although we did not see an association between anemia
and AKI in this study. In adults with SM, biomarkers of inflam-
mation (suPAR) and total parasite biomass (HRP2) were asso-
ciated with AKI and the need for RRT [36], suggesting that both
parasite and host factors contribute to AKI.

Prospective, blinded monitoring for AKI was performed dur-
ing this randomized control trial using standardized US Nation-
al Institute of Allergy and Infectious Diseases (NIAID) toxicity
tables, because of concerns about nephrotoxicity reported pre-
viously [29], and was a criterion for treatment discontinuation
[17]. Failure to detect this toxicity signal [17], which was graded
using changes in the Cr level and age-specific thresholds, sug-
gests that the NIAID tables may lack sensitivity and illustrates
that ascertainment of AKI varies with definition [21]. Our data
are consistent with meta-analyses showing a 40% increased risk
of renal dysfunction associated with nitric oxide therapy [29,
37]. The majority of data on iNO and renal dysfunction come
from studies of adults, and there are limited data on renal tox-
icity in pediatric populations. The association between iNO and
AKI appears to be dose-dependent with high cumulative-dose
iNO associated with increased risk of AKI, but medium and
low cumulative doses were not [37]. Our data are consistent
with high-dose iNO contributing to renal dysfunction. Howev-
er, when we focused on the subset of children who had worsen-
ing renal function after starting iNO therapy, the significant
effect was lost. Because children with SM are at risk for AKI,
it is possible that additional oxidative stress from iNO in the
form of reactive nitrogen species (eg, NO,) or elevated methe-
moglobin may exacerbate underlying renal dysfunction. Al-
though there was an increase in incidence of AKI in the iNO
group, the association between AKI and poor clinical outcomes
(ie, neurodisability and mortality) was not significant in chil-
dren receiving iNO, suggesting that iNO may have a beneficial
effect that counteracts increasing Cr. Overall, these data suggest
that caution is required in future studies involving iNO
administration.

Without serial BUN assessments, we are unable to comment
on the nature of kidney injury in the children that recorded in-
creasing Cr over hospitalization. Although levels of Cr de-
creased by day 4 in most children, without a preinfection Cr
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measure, and longer follow up of patients postdischarge, we
cannot ascertain whether patients fully recovered renal func-
tion. The WHO Handbook on Severe Malaria states that renal
injury is reversible in survivors [38], but there is mounting ev-
idence from other infections that this may not be the case [39,
40]. A meta-analysis examining outcomes after pediatric hemo-
lytic-uremic syndrome found a 25% long-term risk of renal
complications in survivors [40]. Even patients who fully recov-
ered baseline renal function had an increased risk of developing
renal complications in 5 to 10 years follow up [40].

Any AKI—including mild or reversible disease—is associated
with an increased risk of mortality [19, 39]. Although Cr re-
mains the clinical standard to assess renal function, Cr can over-
estimate GFR in patients with declining renal function in a
rapidly evolving disease such as malaria [41]. In this study, ad-
mission levels of CysC were elevated in children with AKI and
increased across stages of AKI. In adults with malaria, CysC was
more frequently elevated than Cr, suggesting that it is a more
sensitive marker of kidney injury/impairment than Cr [12].
Elevated CysC was also reported in 17% of Ghanaian children
with uncomplicated P falciparum malaria [15]. In this study,
elevated CysC predicted death, and it was better than Cr at
discriminating between survivors and nonsurvivors (P =.0012,
comparison of AUCs). Overall, CysC may be a more accurate
measure of renal function, and a better prognostic marker
than Cr, when Cr is not in steady state.

One of the strengths of this study was the longitudinal design
with daily assessment of kidney function during hospitalization,
which enabled us to identify acute changes in kidney function
that developed or evolved after admission and detect smaller
but significant changes in renal function. In low resource settings,
serial Cr measures are often unavailable, so AKI is commonly re-
ported based on a single measure at presentation. With 51.2% of
children in the placebo arm having worsening renal function in
the days after admission, this study represents an important ad-
vance providing a more accurate depiction of kidney injury/im-
pairment than previous studies. Because children presented with
severe disease, we lacked a premorbid assessment of renal func-
tion, so an estimated baseline “normal” Cr was calculated based
on an eGFR of 120 mL/min per 1.73 m* [21]. Additional studies
are needed to define the best strategy to estimate baseline kidney
function in settings where existing pediatric reference ranges may
not accurately reflect population-specific normal ranges.

Overall, our results suggest that AKI is an underrecognized
complication in pediatric SM and is associated with mortality.
Although it is possible the increased mortality in AKI was relat-
ed to severity of illness at presentation, AKI is recognized as an
independent predictor of mortality in SM. Acute kidney injury
in pediatric SM is likely multifactorial with dehydration, micro-
vascular parasite sequestration, endothelial dysfunction, and se-
vere anemia contributing to poor kidney perfusion and injury.
By 2030, with more than 70% of patients living with end-stage

renal disease expected to reside in low-income countries (18.1%
prevalence in Uganda) [37], it is important to define whether
repeated exposure to malaria or severe infections early in life
may be contributing to increased susceptibility to CKD. Further
studies will be required (1) to evaluate the short- and long-term
prognosis of children surviving SM and (2) to evaluate whether
interventions that improve microvascular perfusion (eg, by re-
ducing parasite sequestration or improving endothelial dysfunc-
tion) can decrease AKI and improve outcomes in children with
SM.

CONCLUSIONS

Acute kidney injury is a common complication in children with
SM that develops or worsens in 50% of children after admission,
highlighting the importance of serial Cr assessments in children
admitted with SM. Additional studies are needed to define the
long-term risk of CKD and mortality in children surviving SM.
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