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Purpose of review

The purpose of this review is to describe acute kidney injury (AKI) phenotypes in children.

Recent findings

AKI is a heterogenous disease that imposes significant morbidity and mortality on critically ill and
noncritically ill patients across the age spectrum. As our understanding of AKI and its association with
outcomes has improved, it is becoming increasingly apparent that there are distinct AKI subphenotypes that
vary by cause or associated conditions. We have also learned that severity, duration, and repeated
episodes of AKI impact outcomes, and that integration of novel urinary biomarkers of tubular injury can
also reveal unique subphenotypes of AKI that may not be otherwise readily apparent.

Summary

Studies that further delineate these unique AKI subphenotypes are needed to better understand the impact of
AKI in children. Further delineation of these phenotypes has both prognostic and therapeutic implications.
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Acute kidney injury (AKI) is a heterogenous disease
that imposes significant morbidity and mortality
on critically ill and noncritically ill patients across
the age spectrum. Epidemiologic studies among
neonates and children report varying risk factors
for AKI development and associated outcomes
[1,2

&

,3]. In each of the three major epidemiology
studies, AKI was associatedwith increasedmortality,
and in some settings, increased hospital resource
utilization characterized by longer duration of ven-
tilation and longer time in the ICU and hospital.

As our understanding of AKI and its association
with outcomes has improved, it is becoming increas-
ingly apparent that there are distinct AKI subpheno-
types that vary by cause or associated conditions.We
have also learned that severity, duration, and
repeated episodes of AKI impact outcomes, and that
integration of novel urinary biomarkers of tubular
injury can also reveal unique subphenotypes of AKI
thatmaynotbeotherwise readily apparent [4]. Pedia-
tric AKI incidence, severity, and outcomes are further
complicatedbyvariables suchaspatientage,nephron
endowment, and kidney development.

The purpose of this review is to summarize
the clinical subphenotypes of pediatric hospital-
acquired AKI. Importantly, the role of prognostic
and predictive enrichment in defining AKI pheno-
types will be discussed.
INJURY

Nephrotoxic medication-associated acute
kidney injury

Nephrotoxicmedication-associated AKI (NTMx-AKI)
is common in hospitalized children. Approximately
30%ofchildrenexposed toanephrotoxicmedication
while hospitalized will develop AKI [5]. The risk is
greater for children who receive at least three con-
comitant nephrotoxins or prolonged intravenous
aminoglycoside antibiotics [5]. Particular patient
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KEY POINTS

� Acute kidney injury in children is common and is
associated with significant morbidity and mortality.

� Multiple subphenotypes of AKI in children exist that
may have prognostic and therapeutic implications.

� Subphenotypes of AKI may be disease-specific but may
also vary in onset, duration, and severity.

� Precision biomarkers may further clarify and refine AKI-
specific subphenotype.

Subphenotypes of AKI in children Gist et al.
groups as described below frequently develop AKI
where nephrotoxin exposure is a primary contribu-
ting factor [6–9].

The NTMx-AKI subphenotype includes several
mechanisms of injury calling for further character-
ization (Fig. 1). Nephrotoxicity from medications
most commonly presents as three subtypes, includ-
ing acute tubular necrosis (ATN), acute interstitial
nephritis (AIN), and/or obstructive nephropathy
[10,11]. Drugs such as aminoglycosides, vancomy-
cin, and amphotericin B are frequently implicated in
causing a direct nephrotoxic effect leading to ATN
[10]. Studies in children show a relatively low rate of
AKI associated with vancomycin use alone, but an
increased risk of AKI in patients receiving vancomy-
cin concomitantly with other medications [5,12]. In
a cohort of 5686 pediatric critically ill patients, it
was piperacillin/tazobactam and not vancomycin
that was independently associated with increased
AKI risk [12]. Alternatively, exposure to a medica-
tion can result in an idiosyncratic effect as occurs
with AIN [11]. Antiviral medications are commonly
implicated in obstructive nephropathy, which can
FIGURE 1. Phenotypes of nephrotoxic medication-associated acu
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occur when medications crystallize in the urinary
system [13,14]. The clinical manifestations of the
different subtypes of NTMx-AKI phenotype can dif-
fer (Fig. 1) [15,16].

Early recognition of patients at risk for NTMx-
AKI is paramount. Program-directed nephrotoxic
medication surveillance has been shown to be
impactful in decreasing the burden of AKI in chil-
dren. An example of this is seen with the Nephro-
toxic Injury Negated by Just-in-time Action (NINJA)
collaborative throughwhich an alert is delivered to a
pharmacist who notifies a care team of nephrotoxin
exposure [17]. The NINJA collaborative has demon-
strated the impact of focusing attention on a single
AKI subphenotype, with a 37% reduction in AKI
rates per exposure and 24% reduction in AKI prev-
alence rates [17].
Cardiac surgery-associated acute kidney
injury

An extremely large proportion of children under-
going congenital heart surgery experience AKI in the
postoperative period. There appears to be a substan-
tial variation in the rate of AKI that is affected by
patient age, the degree of heterogeneity in the pop-
ulation studied, center differences in intraoperative
and postoperativemanagement strategies, timing of
diagnosis, and which AKI definition is applied. This
has made direct comparisons of multiple studies
particularly challenging. Of the 20 studies included
in a recent meta-analysis describing strategies to
prevent AKI after cardiac surgery, the timing,
severity, and duration of AKI were not similar
between more than two studies [18]. Adjudication
of AKI was also dissimilar across studies [18]. The
heterogeneity in AKI rates was reported in a recent
te kidney injury.
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Renal system
report from the multicenter Neonatal and Pediatric
Heart and Renal Outcomes Network, including 2240
neonates undergoing cardiac surgery with or with-
out cardiopulmonary bypass [19]. AKI rates across
centers ranged from 27 to 86%, of which 0–31%
were quantified as severe (KDIGO �2). The vast
majority of AKI was diagnosed by urine output
and occurred early in the postoperative course. In
this study, only stage 3 AKI was associated with
mortality. Another example of discrepant AKI rates
across centers was reported by Blinder et al. [20], in a
secondary analysis of the Safe Pediatric Euglycemia
after Cardiac Surgery trial. The difference in AKI
rates between the two centers was 51%. Although
there was an overall association of longer duration
of AKI with longer time spent on the ventilator and
time in the ICU, when the variables were compared
between centers, themedian duration of ventilation
and length of stay at the center with the highest AKI
rate was significantly shorter ventilation duration
and length of stay. Both studies have reinforced the
notion that not all creatinine elevation, or decre-
ments in urine output are because of tubular dys-
function. Indeed, creatinine elevation may be
affected by significant hemoconcentration resulting
from intra-operative ultrafiltration.

These studies have prompted investigators to
evaluate the contribution of AKI duration for delin-
eation of subphenotypes and the associations with
outcomesas recommendedby the16thAcuteDisease
Quality Initiative (ADQI) [4].Gist et al. [21] compared
the association of transient (�48h) and persistent
(>48h) in a two-center study of children with hypo-
plastic left heart syndrome. Mortality was four times
higher (41 vs. 12%) in those with persistent AKI,
although this associationwas not significant onmul-
tivariable analysis. However, severe persistent AKI
was associated with a 59% increase in the expected
duration of ventilation. Lobasso and colleagues clas-
sified a heterogenous cohort of 3620 children in
groups by recovery. The overall AKI rate was 19%,
only 3.4%were characterized as persistent (3–7days)
or acute kidney disease (>7days). In this study, there
was a graded increase in the odds of mortality with
transient, persistent, and acute kidney disease (AKD)
phenotypes as compared with no AKI [22

&&

].
There are hundreds of studies describing novel

urinaryAKIbiomarkers forearlydetectionofAKIafter
cardiac surgery that are beyond the scope of this
review. Unfortunately, few have made it to the clin-
ical space, and thus integration into clinical care has
not occurred. The 23rd ADQI consensus conference
recommended integrationofbiomarkers into theAKI
definition to delineate sub-AKI phenotypes in which
patients can either be creatinine/urine output posi-
tive or negative with or without biomarker elevation
592 www.co-criticalcare.com
(Fig. 2) [23]. Among a cohort of critically ill children
withoutcardiacdisease,patientswithbothcreatinine
and biomarker elevation had the highest odds for
predicting day 3 severe AKI compared with only
elevation of one of the parameters. Furthermore,
the need for kidney replacement therapy (KRT)
and mortality were highest among patients with
both creatinine and biomarker positivity [24]. There
are no studies evaluating this in children following
cardiac disease. Demonstrating differences in AKI
prediction and associations with outcomes by delin-
eatingAKIsubphenotypesbycreatinine/urineoutput
and biomarker elevation following congenital heart
surgery has the potential to enhance prognostic and
predictive enrichment, andeven stratifypatients into
specific care pathways.
Sepsis-associated acute kidney injury

Sepsis-associated acute kidney injury (S-AKI) is a
unique subphenotype of AKI with heterogeneous
underlying pathobiology that is in large part driven
by the host-dysregulated immune response to infec-
tion [25,26]. Although historically described as a
consequence of renal hypoperfusion in the setting
of shock, our current understanding leverages what
we have learned about sepsis heterogeneity to rec-
ognize S-AKI as a complex, multifactorial disorder of
altered macrocirculatory and microcirculatory
blood flow, metabolic derangements, and disor-
dered inflammation that is quite variable at the
individual patient level [25–27]. Recognizing this
variability, several groups have begun to identify
unique subphenotypes of S-AKI by incorporating
demographic, clinical, and biomarker data and
using cluster analysis and/or machine-learning
methodologies [28–30]. These unique subpheno-
types have been shown to be associated with
differences in inflammatory patterns, markers of
endothelial dysfunction, response to therapy, and
outcomes [28–30]. In children specifically, one
group recently identified differences in outcomes
for patients subgrouped by AKI severity and dura-
tion, with those with severe (�KDIGO stage 2) and/
or persistent (present for�48h) AKI suffering higher
rates of mortality and fewer ICU-free days compared
with those with mild and/or transient AKI [31

&&

].
Highlighting the importance of the septic inflam-
matory response in the development of S-AKI,
another group recently demonstrated the associa-
tion between validated biomarkers of the pediatric
septic inflammatory response and the development
of S-AKI and incidence of renal recovery [32].
Although none of these subphenotyping strategies
have been widely applied to clinical practice at the
bedside, this preliminary work hasmade it clear that
Volume 28 � Number 6 � December 2022



FIGURE 2. Acute kidney injury phenotypes. Patients with a biomarker of injury positivity without elevation/decline in serum
creatinine and not reaching urine output criteria should be classified as 1S. Reassessment should be performed according to
patient clinical context and temporal trends. Patients reaching SCr/UO criteria, and no elevation on biomarker are defined as
1A, and those reaching SCr/UO criteria with elevated biomarker are reclassified as 1B. Biomarker positivity should be based
on its mechanism and defined threshold. BM, biomarker; sCr, serum creatinine; UO, urine output. Reproduced with permission
from Acute Disease Quality Initiative 23 (https://www.ADQI.org).
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S-AKI is a heterogeneous disorder that requires
improved diagnostic precision in order to identify
effective therapies and improve outcomes.
Onconephrology

There has been significant advancement in the diag-
nosis and treatment of children with oncologic dis-
eases. The survival rates for childhood cancers have
substantially increased in recent years with over
80% of children and adolescents diagnosed with
1070-5295 Copyright © 2022 The Author(s). Published by Wolters Kluwe
cancer surviving at least 5 years between 2008 and
2014 [33]. The reported incidence of AKI in children
with cancer is 11–84% [34,35]. In a prospective
study of 1047 children admitted to the ICU, the
most common admission diagnoses in AKI cases
were hemolytic uremic syndrome and oncologic
diseases [6].

The direct infiltration of the urinary system by
cancer cells or exposures encountered during cancer
therapy are well known risk factors for AKI [36].
Notable exposures that increase the risk for AKI
r Health, Inc. www.co-criticalcare.com 593
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Renal system
include a diagnosis of tumor lysis syndrome, use of
contrast for computed tomography scans, chemo-
therapeutic agents and hematopoietic stem cell
transplantation [36–38]. In a multicenter study of
children hospitalized with cancer, the administra-
tion of purine analogs carried the highest rate of AKI
when compared with other types of chemotherapy
[39].

With the advent of newer therapies such as
CD19-targeted chimeric antigen receptor T-cell
therapy and vascular endothelial growth factor-tar-
geted therapy, there is a need for increased attention
to the study and prevention of AKI in children with
cancer. Embryonal tumors of the hemopoietic sys-
tem and the central nervous system are more com-
mon in children, whereas tumors occurring in solid
organs are more common in adults [38]. Given that
the types of cancer diagnoses and treatments differ
substantially in children when compared with
adults, the future study of AKI prevention and treat-
ment requires a focus on the unique subphenotype
of AKI in pediatric oncology patients.
Neonatal acute kidney injury

AKI is common in critically ill neonates and
adversely impacts outcomes. Similar to other age
groups, AKI in neonates is a heterogeneous syn-
drome consisting of distinct phenotypes based on
unique neonatal factors like gestational age and
postnatal age (early vs. late AKI) in addition to cause
and underlying diseases [3,40–42]. The current diag-
nosis and staging of AKI severity in neonates uses
the neonatal modified KDIGO definition, which is
based on the rise in creatinine from a previous
trough or decrements in urine output [43]. It is
possible that future definitions of neonatal AKI
may incorporate gestational age, varying creatinine
thresholds, and other metrics like fluid balance and
urinary biomarkers to enhance the definition, and
better delineate these phenotypes [44,45].

AKI in extremely low-gestational-age neonates
is often associated with nephrotoxin medication
exposure. In term or near-term neonates, AKI is
often multifactorial and may be related to other
associated conditions like hypoxic–ischemic ence-
phalopathy, congenital cardiac disease and/or sur-
gery, and multiorgan dysfunction [3]. Early-onset
neonatal AKI, defined as AKI diagnosed on postnatal
days 2–7 is associated with resuscitation with epi-
nephrine, inborn errors of metabolism, or need for
surgery at admission [40]. On the other hand, late
AKI (occurring>7days after birth) is associated with
oligohydramnios and polyhydramnios, presence of
congenital mild–moderate renal anomalies, diagno-
ses of congenital heart disease, necrotizing
594 www.co-criticalcare.com
enterocolitis, and exposure to nephrotoxic medica-
tions [41]. Recognition of different phenotypes can
improve AKI screening and lead to work to mitigate
the consequences of AKI.
PRECISION BIOMARKERS AS A WAY TO
ELUCIDATE PATHOPHYSIOLOGY,
TREATMENT, AND PROGNOSIS

As outlined above, AKI is a heterogeneous disorder
with multiple inciting etiologies and underlying
pathophysiologies, whose development is informed
by unique patient-level susceptibilities. Because of
this heterogeneity, a ‘one size fits all’ approach to its
diagnosis and management is unlikely to be suc-
cessful, as has been demonstrated by a number of
failed clinical trials examining therapies and inter-
ventions for AKI [46–51]. As such, a precision med-
icine approach that leverages biomarkers (and other
clinically available data) to identify strategies for
both prognostic (i.e. identifying patients at high risk
for an outcome of interest) and predictive (i.e. iden-
tifying patients with shared underlying biology
more likely to respond to a specific therapy) enrich-
ment is required to improve the care of children
with AKI [27]. Furthermore, as biomarkers associ-
ated with different phenotypes of AKI are identified,
it is important to consider their potential role in
disease pathophysiology, as this could inform future
development of novel therapeutics. A framework for
a precision medicine approach to the study, diag-
nosis and management of pediatric AKI is outlined
below and in Fig. 3.
Prognostic enrichment in acute kidney
injury: what to predict and why?

Before prognostic enrichment strategies can be iden-
tified, onemust first answer two questions: what is a
clinical outcome of interest worth predicting, and
how will predicting that outcome be useful? Table 1
outlines proposed relevant outcomes of interest for
prognostic enrichment in AKI, potential use cases
for such tools, and some existing examples, when-
ever applicable. Notably, there has been an appro-
priate focus on identifying tools to predict who will
develop severe and/or persistent AKI, as there is a
growing body of evidence suggesting an association
between these outcomes and morbidity and mortal-
ity in both adults and children [1,4,21,31

&&

]. Impor-
tantly, utilization of prognostic enrichment tools
designed to predict these outcomes may facilitate
enrichment of future clinical trials aimed at prevent-
ing AKI (as has been done successfully in some adult
studies) [52,53], and testing novel therapeutics,
reducing the number of patients needed to enroll,
Volume 28 � Number 6 � December 2022



FIGURE 3. Prognostic and predictive enrichment in acute kidney injury.
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and increasing the likelihood of seeing a benefit if
one exists. The former is of particular importance in
pediatrics, given the relatively small patient popu-
lation compared with adults. Finally, additional
work is needed to identify and validate prognostic
enrichment tools to better predict who will need
KRT, and which patients are at highest risk of devel-
oping chronic kidney disease (CKD) following an
episode of AKI (Table 1). Having the ability to reli-
ably identify these populations could inform care at
the bedside (i.e. identify those who need nephrol-
ogy follow-up after discharge), and similarly enrich
future clinical trials in these patient populations.
Predictive enrichment in acute kidney injury:
tying clinical phenotypes to biological
endotypes

As increasing numbers of clinically relevant AKI
phenotypes are identified, it is important to char-
acterize the biological underpinnings (i.e. endo-
types) of these unique subsets of patients in order
to identify novel treatment strategies. Currently, the
most common clinically available AKI biomarkers
([TIMP2]�[IGFBP7], CCL14, NGAL) are all markers of
tubular stress and/or direct tubular injury – as
opposed to modifiable targets in AKI pathogenesis
– and therefore, have limited utility for predictive
enrichment [64–66]. Thus, identification of bio-
markers elucidating underlying patient biology is
1070-5295 Copyright © 2022 The Author(s). Published by Wolters Kluwe
sorely needed to help develop novel therapeutics or
identify subsets of patients who may respond to
existing therapies. A recent and promising example
of this concept can be found in serum renin levels.
Recent post hoc analyses of the ATHOS-3 trial exam-
ining the use of the novel vasoactive medication
angiotensin II in adults with vasoplegic shock dem-
onstrated that patients with AKI had higher serum
renin levels and those with AKI and elevated serum
renin levels who received angiotensin II had
increased rates of renal recovery compared with
placebo [67–69]. Importantly, the investigators
were also able to tie elevation in serum renin (an
upstream molecule in the renin–angiotensin–
aldosterone pathway that is easily measured in
the serum) to increases in angiotensin I/angiotensin
II ratios, suggesting a relative deficiency of angio-
tensin II in these patients and providing strong
biological plausibility for their findings [67]. Similar
work is needed in children with AKI to begin deliv-
ering the right therapy to the right patients to
improve outcomes.
THE ROLE OF DEVELOPMENT AS A
BIOLOGICAL VARIABLE IN ACUTE KIDNEY
INJURY SUBPHENOTYPES

Traditionally, AKI was considered a self-resolving
condition with no long-term implications. There
is now better understanding of kidney recovery after
r Health, Inc. www.co-criticalcare.com 595



Table 1. Proposed outcomes of interest for prognostic enrichment, their potential utility, and some existing examples in

patients with and without AKI

Outcomes of interest Proposed use Examples

Patient
without
AKI

Development of any AKI Increased surveillance for AKI
Consideration of alternatives to nephrotoxic medications

or procedures
Closer monitoring of drug levels (i.e. vancomycin), when

applicable
Patient/family education
Targeted novel biomarker testing

Various machine learning algorithms,
including EHR-embedded [51,54,55]

Development of severe
and/or persistent AKI

In addition to above:
Clinical trial enrichment for studies examining

standardized AKI prevention strategies

The Renal Angina Indexa [56,57,59&]
[TIMP2]�[IGFBP7] [65]

Patient
with AKI

Development of severe
and/or persistent AKI

Clinical trial enrichment for studies examining novel
therapies for AKI

Intensive kidney supportive care (i.e. strict urine output
monitoring, frequent laboratory monitoring)

Patient/family counseling
Targeted serial novel biomarker testing

The Renal Angina Indexa

[56,57,58,59&,60,61,62]
CCL14 [64,63&]
Furosemide stress testa [60--62]

Need for KRT Clinical trial enrichment for studies examining timing of
KRT initiation

Informed clinical decision-making
Patient/family counselling

Furosemide stress testa [60--62]

Development of CKD Clinical trial enrichment for studies examining therapies to
prevent AKI/AKD to CKD transition

Identify patients appropriate for outpatient nephrology
follow-up

Patient/family counselling

No validated tools available

[TIMP2]�[IGFBP7], the product of tissue inhibitor of metalloproteinases-2 and insulin-like growth factor-binding protein 7; AKD, acute kidney disease; AKI, acute
kidney injury; CCL14, C-C motif chemokine ligand 14; CKD, chronic kidney disease; KRT, kidney replacement therapy.
aTools that are well studied in children.

Renal system
AKI, and how it depends on AKI severity, cause,
duration, and baseline kidney function. Various phe-
notypes of recovery after AKI have been identified:
early sustained AKI reversibility, late sustained AKI
reversibility, relapse AKI and recovery, relapse AKI
without recovery and never recovered AKI [70]. Each
of these correlates differently with long-term out-
comes. Despite increasing awareness of the link
between AKI and chronic kidney disease (CKD),
numerous knowledge gaps persist. The progression
from AKI to CKD likely involves maladaptive regen-
eration after tubulointerstitial injury, fibrosis, and
glomerulosclerosis [71]. More details on these mech-
anisms, and strategies to halt or reverse them are still
being studied. Unique to pediatrics, the timing, dura-
tion, and severity of AKI andhow it interactswith the
patient’s nephron endowment and development,
likely play a critical role in long-term outcomes.
However, data supporting this hypothesis are lacking
and future studies are warranted to investigate the
interplay of development as a biological variable and
pediatric AKI outcomes. Although we have ample
evidence of the high rates of CKD and hypertension
after pediatric AKI, there are no protocols or
596 www.co-criticalcare.com
guidelines regarding follow-up of these patients. This
stems from lack of clear data on which patients are
most likely to develop complications, how long
should children with AKI be followed post discharge,
and what evaluation is needed during follow-up.
CONCLUSION

Pediatric hospital-acquired AKI subphenotypes are
informed by numerous factors and are distinct from
hospitalized adult patients. The risk of developing
AKI as well as the chance for renal recovery and/or
progression toCKDare also informedby thepatient’s
nephron endowment and renal development at the
time of AKI. This concept of development as a bio-
logical variable is unique to pediatrics; however, por-
tends significance throughout the patient’s lifespan.
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