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Background: Acute kidney injury (AKl) is a frequent and widely recognized complication
of allogeneic hematopoietic stem cell transplantation (allo-HSCT). Despite relatively high
prevalence, AKl after allo-HSCT and its risk factors in children remain obscure. The aim of
this study was to describe the prevalence and course of AKI during the first 100 days after
allo-HSCT in children and to investigate its associations with baseline characteristics.

Methods: Retrospective single-center chart review of all patients under 18 who
underwent allo-HSCT during 2011-2017 was performed. AKI was defined using the
pediatric RIFLE criteria and only the patients with pRIFLE stage | (eGFR decrease by
50% or more) or higher were considered for the analysis. Recurrent AKI and acute kidney
disease (AKD) were defined according to the Acute Disease Quality Initiative consensus.
Demographic, clinical, and procedure-related characteristics were recorded at the day
of HSCT.

Results: Fifty-one patients (68.6% boys) with a median age of 9 years (range: 0.25-17)
were included. During a median follow-up of 82 (IQR, 60-98) days, 27 (52.9%) patients
experienced a total of 39 AKI episodes, translating into one AKI episode per 100 patient
days. Multiple AKls occurred in 11 (21.6%) patients and 18 (35.3%) progressed to AKD.
Four patients died, all with ongoing or previous AKI. Patients with AKD were, on average,
older (10 vs. 6 years; p = 0.03) and had higher baseline body mass index (BMI) [standard
deviation score (SDS) 0.83 vs. 0.04, p = 0.05], whereas patients with recurrent AKI had
higher baseline estimated glomerular filtration rate (eGFR) (244.1 vs. 193.9 ml/min/1.73
m2, p = 0.02). In the adjusted Cox models (HR; 95% Cl), older age (1.10; 1.01-1.20)
was associated with higher risk of overall AKI and higher eGFR (1.02; 1.01-1.04) was
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associated with higher risk of recurrent AKI, while older age (1.17; 1.04-1.31), higher
eGFR (HR 1.01; 1.0-1.02), and higher BMI SDS (1.66; 1.01-2.72) were associated with

higher risk of AKD.

Conclusions:

AKl is a frequent early complication of allo-HSCT in children, and

approximately one fifth experience AKI recurrence and one third develop AKD. Older
age, higher BMI, and higher eGFR at the day of transplant may have an effect on the risk
of AKI development and its course.

Keywords: acute kidney injury, hematopoietic stem cell transplantation, children, complication, kidney

INTRODUCTION

Acute kidney injury (AKI) is a common and widely recognized
complication of hematopoietic stem cell transplantation (HSCT).
The incidence of AKI is much higher in allogeneic HSCT (allo-
HSCT) recipients and reaches up to 84 and 91% in pediatric and
adult populations, respectively (1, 2). Although mostly reversible,
AKI may lead to rapid deterioration of kidney function and
need of renal replacement therapy (RRT) is reported in up
to 11% of patients (3). Moreover, AKI is linked to increased
morbidity and mortality in critically ill patients (4) and in
the long term may lead to permanent kidney dysfunction and
chronic kidney disease (CKD) (5, 6). Numerous pre-HSCT
(e.g., primary diagnosis, prior chemotherapy), procedure-related
(e.g., preparative regimen, donor type) factors, and post-HSCT
complications along with iatrogenic injuries may play a role
in AKI development. However, due to the complex nature
and largely heterogeneous clinical course of HSCT, establishing
a uniform mechanism or model for HSCT-related AKI is
virtually impossible.

Early identification of patients at risk for AKI is essential
to take effective preventive measures and to avoid detrimental
sequalae. Standardized pediatric AKI scoring systems based
on renal function and urine output monitoring [such as
pRIFLE (7)] have been designed to identify patients at risk
of AKI development early. However, timely identification of
AKIT risk remains imprecise, mostly because of serum creatinine
(sCr) shortcomings, such as high variability and delay in
its increase in early stages of AKI (8-10). Moreover, novel
definitions of acute kidney dysfunction and recovery have been
recently introduced by the Acute Disease Quality Initiative
(ADQI) to better characterize the course of AKI (11). These
new entities, however, have not yet been studied in pediatric
allo-HSCT population.

The data about AKI in children after allo-HSCT remains
scarce and data from the adult studies cannot be directly
extrapolated to the pediatric population due to large intrinsic
differences. Understanding the natural course of AKI in children
after allo-HSCT and whether certain groups of children are
more susceptible to AKI development may be an important step
toward establishing preventive strategies. The aim of our study
was to assess the incidence and natural course of acute kidney
dysfunction (based on pRIFLE criteria and ADQI definitions) in
children during the early post-HSCT period and its associations
with various baseline characteristics.

MATERIALS AND METHODS
Study Design

A retrospective single-center chart review of all patients under
18 years old who underwent allo-HSCT at Vilnius University
Hospital Santaros Klinikos during 2011-2017 was performed.
Predefined exclusion criteria consisted of pre-existing CKD or
history of prior allo-HSCT. Anonymized available retrospective
longitudinal data were collected either for the first 100 days post-
transplantation (nine patients), until discharge from hospital
(38 patients) or until death (four patients), whichever occurred
first. The data consisted of daily clinical and laboratory variables
related to renal function and post-transplant complications.
Baseline characteristics (at the day of HSCT—day 0) included
demographic, anthropometric, renal function, and allo-HSCT
procedure-associated variables. Informed consents were received
from legal representatives of all patients. The study protocol
was approved by the local institutional review (Vilnius Regional
Committee of Biomedical Research Board) and corresponded to
the Declaration of Helsinki.

The primary endpoint of the analysis was first episode of
AKI. Secondary endpoints included development of multiple
AKTs, acute kidney disease (AKD), and death during the first 100
days post-transplant.

Definitions

AKI was defined using the pediatric RIFLE (pRIFLE) criteria
(Supplementary Table 1) with estimated glomerular filtration
rate (eGFR) value at the day of HSCT used as baseline (7). As
primary analysis revealed that all patients experienced at least one
episode of Risk (R) stage-limited AKI, we included only patients
that developed AKI of stage I or higher to allow inferential
analysis and group comparisons. Due to incomplete urine output
data, AKI was defined based on eGFR only. The definitions of
AKI persistence, AKD, and AKI reversal were adopted from
recent ADQI consensus using the pRIFLE instead of the Kidney
Disease Improving Global Outcomes (KDIGO) AKI criteria (11).
AKIT lasting more than 48 h was defined as persistent AKI, while
AKI persisting for 7 days or more was defined as AKD. Patients
who completely recovered renal function (eGFR return to values
within 75% of baseline) in 48 h or less were considered as having
rapid AKI reversal. A minimum period of 48h of a sustained
AKI reversal was required to make distinction between two AKI
episodes in patients with multiple AKIs.
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Estimated GFR change between the set baseline (day 0) and
the start of conditioning (usually between days —5 and —7) was
calculated as: eGFR (day 0) - eGFR (preconditioning).

Arterial hypertension (HTN) and its stages were defined
according to the 2016 European Society of Hypertension
guidelines for the management of high blood pressure in children
and adolescents (12).

Diagnosis and scoring of acute graft-vs.-host disease (aGvHD)
was based on the accepted criteria by Przepiorka et al. using
clinical and histological criteria, as available (13).

Body mass index (BMI) was standardized to calculating age
and gender-specific standard deviation scores (SDS) (14).

Allo-HSCT Procedure

Allogeneic HSCT was performed based on standard indications.
Myeloablative conditioning (MAC) was used for malignant
diseases and a reduced intensity conditioning (RIC) was the
predominant choice for inborn and non-malignant conditions.

Cyclosporine A (CyA) was used for GvHD prophylaxis for all
patients. CyA dosage 3 mg/kg/day was uniformly initiated on day
—1 as intravenous infusion. In malignant diseases, the target CyA
level was 80-130 ng/ml, whereas in non-malignant disorders,
the target aim was 100-150 ng/ml. As soon as the patient could
tolerate oral intake, CyA administration was switched to oral
formulation targeting the same blood level or ensuring GvHD-
free clinical condition. If aGvHD occurred, the CyA level was
increased aiming at resolution of clinical symptoms. sCr was
monitored daily starting from the first day of admission to the
transplant ward for 2 weeks and then at least twice or three times
weekly until discharge.

Serotherapy  [anti-thymocyte  globulin  (ATG)  or
alemtuzumab] was part of conditioning to all recipients
grafted from matched unrelated donor (MUD) and all recipients
who underwent HSCT from HLA identical siblings for severe
aplastic anemia. Intravenous methylprednisolone 2 mg/kg/day
was initiated in all patients who received serotherapy starting on
day —3 for 14 days, then tapered and discontinued by day +28 if
no signs of aGvHD occurred.

Anti-infectious prophylaxis was administered according to
the institutional guidelines and consisted of (i) fluconazole
during conditioning until day —2, then switched to intravenous
liposomal amphotericin from day —1 until antifungal
prophylaxis was needed, (ii) sulfamethoxazole/trimethoprim
during conditioning and until +6 months (interrupted from
day 0 to engraftment), and (iii) ciprofloxacin and metronidazole
from day —1, acyclovir from day +1 to 43 until 428 days (15).

One day prior to and during conditioning, all patients received
hydration of 3,000 ml/m? aimed to prevent side effect of
rapid cytoreduction.

Laboratory Assessments

Estimated GFR was calculated based on sCr using the updated

Schwarz equation (16). Hematuria and proteinuria were assessed

by automated urinalysis.
CyA level was

chemiluminescent

(Architect, Abbott).

monitored twice a
microparticle

week  using
immunoassay

Statistical Methods

Mean =+ standard deviation (SD), median (interquartile range,
IQR), and frequencies were used to describe continuous and
categorical data, respectively. Chi-square and Student’s ¢-test or
Mann-Whitney U tests were used for the comparisons of two
independent groups.

Univariate logistic regression was performed to determine
the association between baseline factors and occurrence of
binary outcomes (any AKI, recurrent AKI or AKD). Kaplan-
Meier survival curves were built to illustrate the event-free
survival for each outcome. Cox proportional hazards models
were constructed for each outcome to estimate hazard ratios
(HR) of different baseline covariates. Variable selection was
based on the results of univariable analysis with an additional
adjustment for primary diagnosis.

Concordance statistic (C-statistics) and its 95% CIs were
calculated to evaluate the discrimination capacity of individual
covariates and multivariable models (R Package Survival).

All statistical analysis was conducted using R software
[(17), version 3.5.3]. Two-sided p value of <0.05 was
considered significant.

RESULTS

Baseline Characteristics

A total of 51 patients (68.6% boys) with a median age of 9
years (range, 0.25-17) were included into the analysis. The
predominant indication for HSCT was hematologic malignancy
(32, 62.8%), followed by severe aplastic anemia (9, 17.6%),
Fanconi anemia (4, 7.8%), and other conditions (detailed
description available in Supplementary Table 2). Twenty-seven
(52.9%) patients received MAC and 26 (51.0%) patients received
chemotherapy as part of the primary disease treatment before
HSCT. Hematopoietic stem cells were mostly collected from
matched unrelated donors (n = 29, 56.9%) with bone marrow
as the primary source (n = 42, 82.4%), followed by peripheral
blood (n = 8, 15.7%) and cord blood (n = 1, 2.0%). Mean
eGFR at the start of conditioning was 198.0 & 62.0 ml/min/1.73
m? while eGFR on day 0 was 204.7 £ 62.0 ml/min/1.73 m?
and no patients had impaired kidney function at baseline. At
baseline, 37 patients (72.6%) were hypertensive (stage I or II) and
more than half (n = 27, 52.9%) of the patients were receiving
at least one antihypertensive medication (including diuretics),
accounting for a total of 45 (88.2%) patients with either. Baseline
characteristics of the study cohort are summarized in Table 1.

AKIl Incidence and Characteristics

During a median follow-up of 82 (IQR, 60-98) days, 27 (52.9%)
patients experienced a total of 39 AKI episodes, translating
into approximately one AKI episode per 100 patient-days. The
median time to first AKI was 18 (IQR, 5-38) days. Seven
patients had rapidly reversing AKI, all but one as their first
AKI and two developed AKI recurrence during further follow-
up with progression to AKD. Four out of seven rapidly reversing
AKIs occurred during the first month post-HSCT. Twenty-
three patients (45.1%) developed at least one persistent AKI
episode (21 as their first AKI episode and 9 had subsequent AKI
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TABLE 1 | Baseline characteristics of the whole cohort and stratified by outcome occurrence.

All AKI No AKI p Recurrent AKI No recurrent AKI P AKD No AKD p

(n =51) (n=27) (n =24) (n=11) (n = 40) (n=18) (n =33)
Age, years 9(3.5-13) 10 (7.5-12.5) 5(2-13) 0.07 10 (8-10) 8.5 (2-13) 0.71 10 (9-12.75) 6 (2-13) 0.03
Male, n (%) 35 (68.6) 20 (74.1) 15 (62.5) 0.37 9(81.8) 26 (65.0) 0.29 12 (66.7) 23 (69.7) 0.82
Primary disease
Hematologic malignancy, n (%) 32 (62.8) 15 (55.6) 17 (70.8) 0.26 6 (54.5) 26 (65.0) 0.53 9 (50.0) 23 (69.7) 0.16
Preparative regimen
MAC, n (%) 27 (62.9) 14 (51.9) 13 (54.2) 0.63 7 (63.6) 22 (55.0) 0.86 9 (50.0) 20 (60.6) 0.66
Chemotherapy prior to HSCT, n (%) 26 (51.0) 12 (44.4) 14 (68.3 0.48 6 (54.5) 20 (50.0) 1 8 (44.4) 18 (54.5) 0.69
Hematopoietic stem cell source
Bone marrow, n (%) 42 (82.4) 21(77.8) 21(87.5) 7 (63.6) 35 (87.5) 14 (77.8) 28 (84.8)
Peripheral blood stem cells, n (%) 8(15.7) 5(18.5) 3(12.5) 0.51 3(27.3) 5(12.5) 0.07 4(22.2) 4(12.1) 0.50
Umbilical cord blood, n (%) 1(1.9) 1(3.7) 0 1(9.1) 0 0 1(3.1)
Donor type
MUD, n (%) 29 (56.9) 16 (59.3) 13 (54.2) 0.71 6 (54.5) 23 (57.5) 0.86 10 (55.6) 19 (57.6) 0.89
CyA during follow-up, ng/ml 121.2 (100-155.8)  120.1 (100.6-155.7) 126.3 (100.7-153.7) 0.90 122.7 (111.3-154.9) 121.2(98.8-158.8) 0.82 116.4(102.5-129)  130.7 (99.8-163) 0.44
BMI, kg/m? 17.26 (156.52-19.78) 18.74 (15.88-21.83) 16.67 (15.44-18.09) 0.06 18.74 (15.88-21.74) 17.20 (15.44-19.06) 0.34 19.36 (16.47-23.67) 16.72 (15.39-18.22) 0.006
BMI SDS 0.3 (—0.73-1.25) 0.69 (—0.4-1.32) 0.11(-0.89-0.85) 0.32 0.69 (—-0.2-1.4) 0.18 (—0.86-1.2) 0.28 0.83(—0.03-1.42) 0.04 (—0.87-0.76)  0.05
eGFR at baseline (day 0), 204.7 £ 62.0 213.4 £ 591 194.9 £ 64.9 0.30 2441 £55.2 193.9 + 59.9 0.02 221.7 £ 62.3 195.4 £ 60.7 0.16
mi/min/1.73 m?
eGFR preconditioning, ml/min/1.73 198 + 62.0 201.9 +£59.3 193.6 £ 65.9 0.64 209.9 + 56.6 194.7 + 63.7 0.45 203.3 +54.8 195.1 £66.3 0.64
m2
eGFR change?, ml/min/1.73 m? 6.7 +42.8 11.5 4+ 48.0 1.4 +£36.3 0.40 34.3+37.2 -09+415 0.01 185 +42.7 0.3+421 0.15
Death within 100 days post HSCT, 4(7.8) 4(14.8) 0 0.05 2(18.2) 2 (5.0) 0.15 3(16.7) 1(3.0) 0.08
n (%)
Follow-up time, days 82 (569.5-98) 87 (569.5-98.5) 79 (61.3-93.5) 0.50 90 (67-100) 80.5 (60-90.5) 0.15 84.5 (568.8-100) 81 (62-90) 0.30
Patients with HTN, n (%)
Stage | 18 (35.3) 10 (37.0) 8(33.3) 4 (36.4) 14 (35.0) 6 (33.3) 12 (36.4)
Stage I 19 (37.3) 10 (37.0) 9(37.5) 0.95 2(18.2) 17 (42.5) 0.22 5(27.8) 14 (42.4) 0.36
Patients using anti-HTN drugs, n 27 (562.9) 16 (59.3) 11 (45.8) 0.34 8(72.7) 19 (47.5) 0.14 12 (66.7) 15 (45.5) 0.15
(%)
Patients with HTN and/or on HTN 45 (88.2) 25 (92.6) 20 (83.9) 0.31 10 (90.9) 35 (87.5) 0.76 16 (88.9) 29 (87.9) 0.92
drugs, n (%)
Proteinuria, n (%) 2(3.9 13.7) 14.2) 0.88 0 2 (5.0 0.44 0 2(6.1) 0.27
Hematuria, n (%) 8(15.7) 3(11.1) 5(20.8) 0.27 109.1) 7(17.5) 0.46 2(11.1) 6(18.2) 0.45

Data presented as means + SD or medians (IQR).
4Calculated as: eGFR (day 0)—eGFR (preconditioning).

BMI, body mass index; CyA, cyclosporin A; eGFR, estimated glomerular filtration rate; HSCT, hematopoietic stem cell transplantation; HTN, arterial hypertension;, MAC, myeloablative conditioning, MUD, matched unrelated donor; SDS,

standard deviation score.
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FIGURE 1 | Individual courses of patients with AKI. Different colors represent different stages of AKI (see legend in the figure), light gray represents normal renal
function, and dark gray indicates missing data. Small icons illustrate the start of different complications (see legend in the figure). AKI stages indicated based on
PRIFLE criteria. aGVHD, acute graft vs. host disease; RRT, renal replacement therapy; VOD, veno-occlusive disease.

recurrence). AKD occurred in 18 (35.3%) patients. Ten (55.6%)
of AKD episodes were preceded by a previous AKI (two rapidly
reversing, eight persistent). The median duration of AKD was
13 (8-16, 18-24) days. Overall, AKI recurrence was observed in
11 (21.6%) patients; of those, 7 (13.7%) patients had recurring
AKD. Individual courses of patients with AKI are summarized in
Figure 1.

Median eGFR nadir during AKI was 76.8 ml/min/1.73 m?
(IQR 63.5-90.2) with a maximum AKI stage F in four (7.8%)
patients (all with AKD) and I in the remaining. Proteinuria
was observed in 14 (35.9%) AKI episodes, with nephrotic range
proteinuria in half.

Short-term RRT was commenced in two patients (one
with AKD). Four patients died during the follow-up period
(at days 28, 30, 55, and 59), two with ongoing AKI (both
AKD; one on RRT) and two with prior AKI. All remaining
patients with AKI recovered their renal function completely.
Three patients with AKI were treated in the intensive care
unit (ICU).

Sixteen (59.3%) patients with AKI developed aGvHD during
the follow-up period; five of those were concurrent with AKI, and
five developed prior to the episode of AKI. At least one sepsis
episode was documented in 19 (70.4%) patients with AKI with
a total of 25 sepsis episodes. More than a half of these episodes
(15, 55.6%) were diagnosed concurrent or up to 3 days before
AKI. One patient was diagnosed with veno-occlusive disease
(VOD) and later developed AKD. Timing of these common
HSCT-related complications in patients with AKI is depicted in
Figure 1.

Baseline and Clinical Correlates of AKI

Baseline characteristics stratified by AKI occurrence and course
(any AKI, recurring AKI, and AKD) are presented in Table 1. No
differences in any baseline characteristics were observed when
comparing patients who developed at least one AKI and those
with no AKI. In the subgroup analysis, patients with recurrent
AKIT had higher baseline eGFR (244.1 vs. 193.9 ml/min/1.73 m?, p
= 0.02) and those who experienced AKD were, on average, older
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and had higher BMI (10 vs. 6 years; p = 0.03 and BMI SDS 0.83 vs.
0.04, p = 0.05). In addition, patients with recurrent AKI showed
significant increase in eGFR from preconditioning to day 0 (34.3
vs. —0.9 ml/min/1.73 m?, p = 0.01).

Univariable logistic regression was further performed for
each binary outcome (any AKI, recurrent AKI, and AKD) and
all baseline covariates along with the calculation of C-statistic
(C-stat). Results of the unadjusted analyses are presented in
Supplementary Table 3. Higher baseline eGFR as well as eGFR
change (preconditioning to day 0) was associated with higher
odds of recurrent AKI (OR 1.02, 95% CI 1.00-1.03, p = 0.02,
C-stat 0.74, 95% CI 0.58-0.90 and OR 1.03, 95% CI 1.01-
1.06, p = 0.02, C-stat 0.75, 95% CI 0.58-0.92, respectively)
while older age and higher BMI SDS were associated with
higher odds or improved risk discrimination of AKD (OR 1.17,
95% CI 1.04-1.34, p = 0.02, C-stat 0.69, 95% CI 0.55-0.83
and OR 1.53, 95% CI 0.98-2.58, p = 0.08, C-stat 0.67, 95%
CI 0.51-0.82, respectively). Older age was also associated with
higher odds of any AKI but showed no improvement in risk
discrimination (OR 1.12, 95% CI 1.01-1.27, p = 0.05, C-stat 0.65,
95% CI 0.49-0.81).

Kaplan-Meier curves were constructed to evaluate event-free
survival rates for each analyzed outcome and are provided in
Figure 2.

The Cox-proportional hazard models containing age,
baseline eGFR, baseline BMI SDS, and primary diagnosis
were constructed for each outcome (Table2). The variables
were included based on the results of univariable analysis and
additionally adjusted for primary diagnosis to account for
potential confounding. In the multivariable analysis, older age
was associated with higher risk of overall AKI (HR 1.1, 95%
CI 1.01-1.2, p = 0.03), higher eGFR remained significantly
associated with recurrent AKI (HR 1.02, 95% CI 1.01-1.04, p
= 0.007), while older age, higher baseline eGFR, and higher
baseline BMI SDS were associated with the development of AKD
(HR 1.17,95% CI 1.04-1.31, p = 0.01; HR 1.01, 95% CI 1.0-1.02,
p =0.04; and HR 1.66, 95% CI 1.01-2.72, p = 0.05, respectively).
All three models showed improved risk discrimination (C-stat
0.67,95% CI 0.56-0.77; 0.77, 95% CI 0.63-0.92; and 0.76, 95% CI
0.64-0.87) for overall AKI, recurrent AKI, and AKD, respectively
(Table 2). Additional Cox proportional-hazards model was
constructed to evaluate the independent effects of baseline eGFR
and eGFR change for recurrent AKI (adjusted for age and BMI
SDS) and no significant effects of any covariate were found
(Supplementary Table 4).

DISCUSSION

In the present study, we sought to investigate the incidence and
characteristics of AKI in children after allo-HSCT—a population
at a substantially higher risk of acute kidney dysfunction. Our
detailed analysis revealed that more than half of the children
experienced at least one stage I or higher AKI episode during the
early period after the procedure, with most of the AKIs occurring
within the first month post-transplant. In addition, we focused
on the course of AKI and found that the majority of children

experienced persistent AKI (lasting >48h) and a substantial
proportion experienced AKI recurrence or developed AKD. The
analysis of potential risk factors at the time of the transplant
showed that higher BMI, higher eGFR, and older age may be
associated with small but significant increase in the risk of AKI
and its recurrence or duration.

AKI is an important comorbidity associated with significant
health burden. AKI has been consistently shown to be an
independent risk factor for death in critically ill pediatric patients
with decreasing overall survival (OS) with higher AKI stages
(18). Similar findings were also reported in pediatric HSCT
recipients, where significantly lower 1-year OS was demonstrated
in children with AKI and decreased with increasing AKI severity
(1). Although the early mortality rate in our study population
was relatively low, all four children who died during this short-
term follow-up had ongoing or previous AKI. In addition to
the increased mortality risk, AKI may also lead to prolonged
hospitalizations, impact the need and duration of treatment
in the ICU, and increase the risk of rehospitalizations (6,
19). More importantly, there is evidence that children after
AKI have increased risk of persistent kidney dysfunction and
CKD (5, 20, 21). In a study of 205 consecutive pediatric
HSCT recipients, 7.5% of the remaining population had CKD
1 year after the procedure with one patient receiving chronic
hemodialysis (1).

Transplantation has been shown to be the strongest
predictor of severe AKI in critically ill children, with similar
incidence between the recipients of solid organ transplants
and those who had undergone HSCT (18). The incidence of
AKI in adult patients after myeloablative allo-HSCT ranges
between 21 and 73% (22). The incidence after autologous
HSCT is much lower (12-19% in adults) (22) and it is
explained by essential differences in the transplant procedure—
absence of CyA toxicity and GVHD, along with more rapid
engraftment, which tends to lower severe sepsis-induced
complications (2).

In pediatric patients, the data about AKI incidence and
characteristics are scarce. We have summarized the studies
of AKI in pediatric HSCT cohorts in Table 3 and found the
incidence to range between 17 and 84% (1, 23). The striking
variability in the reported incidence is most likely related to
the heterogeneity of studied populations and different AKI
scoring systems that were used. The incidence in studies that
employed AKIN or KDIGO definitions was significantly lower
(24), as compared to that using the pRIFLE criteria that
showed the incidence of stage R and stage I AKI to be 84
and 49%, respectively (1). Comparisons of AKIN, KDIGO,
or pRIFLE criteria in children showed that pRIFLE appears
to identify the highest proportion of children with AKI,
especially those with lower AKI stages (21). These previous
notions most likely explain the difference of our results with
those from studies using AKIN or KDIGO criteria and the
relatively good comparability with the study that employed
PRIFLE criteria.

AKI is a heterogeneous entity that can be described
by various characteristics, such as severity, duration, and
recurrence that may all influence outcomes and healthcare
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FIGURE 2 | Event-free survival for the 100 days after allo-HSCT for each outcome. (A) AKI vs no AKI; (B) recurrent AKI vs. no recurrent AKI (time to second AKI);
(C) AKD vs. no AKD.
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TABLE 2 | Cox proportional-hazards models for each studied outcome.

AKI vs. all other C-stat 0.67
(95% Cl, 0.56-0.77)

Recurrent AKIl vs. all other C-stat 0.77
(95% Cl, 0.63-0.92)

AKD vs. all other C-stat 0.76
(95% Cl, 0.64-0.87)

HR 95% CI p value HR 95% ClI p value HR 95% CI p value
Age, per year 1.10 1.01-1.20 0.03 1.04 0.88-1.23 0.63 1.17 1.04-1.31 0.01
BMI SDS 1.24 0.88-1.74 0.23 1.59 0.85-2.96 0.15 1.66 1.01-2.72 0.05
eGFR, per ml/min/1.73 m? 1.01 1.0-1.01 0.15 1.02 1.01-1.04 0.007 1.01 1.0-1.02 0.04
Malignant HSCT indication? 0.71 0.26-1.89 0.49 0.14 0.02-1.1 0.06 0.40 0.12-1.41 0.16
aReference: non-malignant HSCT indication.
BMI SDS, body mass index standard deviation score; eGFR, estimated glomerular filtration rate; HSCT, hematopoietic stem cell transplantation.
TABLE 3 | Summary of studies of AKI in pediatric HSCT populations.
Author AKI prevalence Criteria HSCT population Follow-up
Kaddourah et al. (18) 35 of 88 (43.8%) KDIGO Allogeneic; critically ill patients 28 days
Prospective study
Koh et al. (3) 555 of 1057 (53%) AKIN Allogeneic 100 days
Retrospective study
Kizilbash et al. (1) 173 of 205 (84%) pRIFLE Allogeneic and autologous 100 days
Retrospective study
lleri et al. (25) 24 of 57 (42%) AKIN Matched related donor allogeneic 100 days
Prospective study HSCT
Yu et al. (26) 28 of 96 (29%) Based on creatinine clearance decline, Allogeneic 100 days
Retrospective study SCr increase and need of dialysis
Hazar et al. (27) 9 of 34 (26%) x 2 baseline SCr Allogeneic 100 days
Prospective study
Kist-van Holthe et al. (28) 14 of 66 (21%) x 2 baseline SCr Allogeneic 3 months
Prospective study
Patzer et al. (23) 7 of 41 (17%) x 2 baseline SCr Allogeneic and autologous 30 days
Prospective study
Kist-van Holthe et al. (29) 48 of 142 (34%) x 2 baseline SCr Allogeneic 3 months

Retrospective study

AKIN, Acute Kidney Injury Network; HSCT, hematopoietic stem cell transplantation; KDIGO, Kidney Disease: Improving Global Outcomes; pRIFLE, pediatric Risk, Injury, Failure, Loss,

End-Stage; SCr, serum creatinine.

burden. Majority of studies performed in pediatric HSCT
population focused on the overall incidence of AKI and
its relation to various risk factors or outcomes. Failing to
analyze AKI as a highly heterogeneous condition might lead to
significant loss of important information. These limitations have
been addressed by ADQI Consensus that suggested additional
terms to describe the course of AKI that can potentially
provide more information related to the prediction of potential
outcomes (11).

AKI episodes lasting <48h may be frequently missed in
clinical practice due to asymptomatic course; nevertheless, they
have been associated with worse outcomes in hospitalized
patients (30). Our analysis showed that rapidly reversing AKIs
occurred more frequently as first AKIs and more than half of
these patients did not experience AKI recurrence, suggesting
relatively small adverse effect in the short term. We further
found that one fifth of the patients developed recurrent AKI
and more than one third developed AKD. In the general adult
population, recurrent AKIs have been associated with increased

risk of cardiovascular events, mortality, and development of CKD
in the long term (31). The clinical relevance of AKD is more
obscure. In a large cohort of septic adult patients with AKI,
<10% of the patients with AKD recovered renal function, as
opposed to those with early AKI reversal, where only 14.2% of
patients had further recurrence and one third of those developed
ESRD (32).

The increased risk of AKI in HSCT recipients can be explained
by a variety of potential injuries. These include therapy-related
factors, such as overhydration, use of nephrotoxic medications,
as well as numerous post-transplant complications, including
but not limited to viral infections, sepsis, and GVHD. These
potential risk factors leading to renal injury in the setting of
HSCT have been comprehensively reviewed before (24, 33,
34). In summary, studies in the pediatric population have
inconsistently reported sepsis, aGVHD, VOD, use of certain anti-
infective drugs (e.g., foscarnet, amphotericin B, vancomycin),
and CyA toxicity as risk factors for AKI development (24,
34). The elucidation of the effect of post-transplant risk
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factors was outside the scope of our analysis due to its
retrospective nature. However, we did compare CyA levels
between patients in different subgroups and did not find
any significant differences. In prior studies of pediatric HSCT
recipients, significant changes in renal function have been
observed in patients with toxic CyA levels and following CyA
dose reductions (25, 28). The absence of these associations
in our study could be explained by close eGFR monitoring
and rapid CyA reduction prior to overt (stage I or higher)
AKI development.

Due to the complex nature of the clinical course after HSCT, it
is very difficult to elucidate the interactions between the potential
injuries discussed above, particularly in the pediatric population
where small sample sizes become a significant obstacle.
Adequately powered and specifically designed prospective studies
could aid in overcoming these issues but are difficult to carry
out. Given the aforementioned limitations, we decided to look
at the baseline characteristics of the patients and to investigate
whether certain subgroups of patients could be identified as a
higher risk for AKI development at the time of the transplant. For
this reason, we analyzed the association of different demographic,
anthropometric, HSCT-related, and renal-related factors with
development of AKI.

The notion that higher eGFR might be associated with risk of
recurrent AKI is intriguing. This could potentially be explained
by hyperfiltration resulting from overhydration. Indeed, median
eGFR at day 0 in our population was over 200 ml/min/1.73 m?,
suggesting that the majority of children were hyperfiltrating. For
that reason, we decided to estimate the change in eGFR from
before the start of conditioning to day 0 and found a significant
increase in patients with recurrent AKIs but not in other groups.
This change was also associated with increased odds of recurrent
AKI in the univariable analysis. However, multivariable modeling
precluded the identification of independent value of each
parameter, possibly due to small sample size and collinearity. A
recent study of pediatric HSCT patients found hyperfiltration
in 22 out of 74 children undergoing HSCT, which was not
associated with AKI (35). The differences with our findings
could be explained by the different timing of eGFR estimation
as eGFR at day 0 in our population is most likely a result of
overhydration. On the other hand, results from a large study
of non-critically ill children suggested that hyperfiltration
might lead to increased susceptibility of nephrotoxic
injuries (36).

We also found that patients who developed AKD were
significantly older and the association remained after adjusting
for BMI, eGFR, and primary disease. Similar associations have
been observed in the study involving pediatric HSCT patients
by Koh et al. (3) and in the analysis of US data from more
than 2 million pediatric hospital admissions (37). We also
observed increased risk of AKI in patients with higher BMIL
Obesity has been linked to chronic renal injury in children
(38) and a single center study of children admitted to ICU
found obesity to be directly related to higher risk of AKI
(39). However, BMI SDS in our population did not reach the
threshold for obesity and the association of both higher eGFR
and higher BMI SDS at day 0 with AKI may simply mirror

the degree of prevailing overhydration at day 0. Unfortunately,
due to the retrospective nature of our study, we were unable to
accurately estimate the hydration levels and thus no conclusions
about the potential impact of hydration levels on AKI risk can
be made.

Our study has several limitations. First, the study was designed
as a retrospective analysis and therefore was subject to attrition
and missing data with a risk of failure to identify mild AKIs
in the later post-HSCT course. Sample size and relatively low
event rates in the subgroup (AKD and recurrent AKIs) analysis
also limited our ability to perform multivariable modeling and to
confidently rule out confounding. We also did not have precise
urine output data; therefore, we used only sCr-based pRIFLE AKI
definitions that could have contributed to the chance of missing
very short AKI episodes not reflected by sCr. Although we used
pRIFLE instead of KDIGO criteria for the AKD definition, the
information about duration and recurrence of AKI provides
valuable information irrespective of the scoring system used.
Finally, we did not evaluate long-term outcomes that could help
translate our short-term findings into clinically important remote
effects. Despite these limitations, the analysis of daily renal
function measures and ability to describe variable phenotypes
of acute kidney dysfunction in the HCST population and its
relation to baseline characteristics is a major strength of this
study, providing novel and unprecedented information.

In conclusion, our retrospective analysis revealed an overall
incidence AKI stage I or higher by pRIFLE criteria to be 52.9%
in pediatric patients during the early period after allo-HSCT
with a small increase of risk in older children. The clinical
course of AKI after pediatric allo-HCST appears to be highly
heterogeneous, and one third of children progress to AKD,
while one fifth experience AKI recurrence. All patients who
died during the follow-up period had ongoing or previous
AKI. In addition, higher eGFR at day 0 was associated with
increased risk of AKI recurrence, while older age, higher BMI,
and higher eGFR at day 0 were associated with increased risk
of AKD. The ability to pre-emptively identify children at risk
of future AKI in the early post-transplant period would be
important for effective preventive and monitoring strategies.
Whether there is direct effect of higher eGFR and BMI SDS
on the risk of AKI or whether these parameters reflect the
degree of pre-transplant overhydration or other confounding
remains to be clarified. Prospective studies with additional focus
on these potential risk factors and levels of hydration are
required to reliably identify early risk factors and to offer effective
preventive measures.
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