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Abstract

The nephrology and critical care communities have seen an increase in studies exploring acute kidney injury (AKI)
epidemiology in children. As a result, we now know that AKI is highly prevalent in critically ill neonates, children,
and young adults. Furthermore, children who develop AKI experience greater morbidity and higher mortality. Yet
knowledge gaps still exist that suggest a more comprehensive understanding of AKI will form the foundation for
future efforts designed to improve outcomes. In particular, the areas of community acquired AKI, AKI in non-
critically ill children, and cohorts from low-middle income countries have not been well studied. Longer-term func-
tional outcomes and patient-centric metrics including social determinants of health, quality of life, and healthcare
utilization should be the foci of the next phase of scholarship. Current definitions identify AKI-based upon evidence
of dysfunction which serves as a proxy for injury; biomarkers capable of identifying injury as it occurs are likely
to more accurately define populations with AKI. Despite the strength of the association, the causal and mechanis-
tic relationships between AKI and poorer outcomes remain inadequately examined. A more robust understanding
of the relationship represents a potential to identify therapeutic targets. Once established, a more comprehensive
understanding of AKI epidemiology in children will allow investigation of preventive, therapeutic, and quality
improvement interventions more effectively.
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Introduction

The first Acute Disease Quality Initiative focused on chil-
dren (The Pediatric ADQI; pADQI) meeting was conducted
in Napa, CA, USA. This inaugural pediatric meeting was
the 26" meeting of the Acute Disease Quality Initiative
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(ADQI) group (ADQI XXVI) [1]. The current manuscript
entails the work performed and conclusions drawn by the
Epidemiology Workgroup, one of the six a priori defined
pADQI subgroups. Our focus was to explore the available
epidemiologic data regarding pediatric AKI, acknowledging
that, in the last 15 years, there has been significant progress
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in understanding the diagnosis of, risk factors for, and out-
comes following pediatric AKI.

Understanding AKI epidemiology is the foundation
required to set research priorities, develop practice rec-
ommendations and implementation strategies designed to
improve outcomes, and change how we care for children
with AKI. A framework for how enhanced understanding
of AKI epidemiology can be used to improve global AKI
outcomes in an iterative manner is depicted in Fig. 1.
In keeping with explicit goals of the pADQI steering
committee, the seven core members of the Epidemiol-
ogy workgroup deliberately included senior and junior
faculty, three women and four men, individuals from both
North American and non-North American facilities, and
representatives from both nephrology and critical care.
We herein describe our work to develop and answer the
five key questions described below (Table 1).

EVOLVING
PEDIATRIC

AKI

Methods

The pADQI consensus meeting followed the established
ADQI process, as previously described, including scientific
review of the literature, iterative workgroup discussions, and
whole-pADQI workgroup meeting and discussions, with con-
sensus achievement [2]. The Epidemiology workgroup was
guided by a Chair and a Co-Chair, who organized video-
teleconference meetings approximately quarterly, across a
period of 18 months. The pADQI chairs proposed key ques-
tions, which were refined during an initial orientation and
planning teleconference. Five separate video-teleconferences
were held to address each of the five original key questions.
Each question was assigned to two leads, who each presented
a detailed summary of the current pertinent literature, identi-
fied key knowledge gaps, and formulated key statements and
rationale ensuing from the workgroup discussions. After each

EPIDEMIOLOGY

Fig.1 Leveraging epidemiology to improve care and outcomes in
children with AKI. The application of a standard definition has led
to our current understanding of pediatric AKI epidemiology. In the
future, a broader, more comprehensive approach is required to bridge
existing gaps. To begin, the causal relationship between AKI and
outcomes remains poorly understood and needs to be explored more
fully. AKI is a heterogeneous syndrome and phenotypes based on
temporal and causative aspects of the disease need to be examined.
Certain populations and cohorts have been well described; however,
AKI in under-resourced, non-critical care, and ambulatory/commu-
nity contexts remain inadequately studied; long-term functional out-

@ Springer

i

A

comes, the impact of AKI on quality of life and healthcare utilization/
costs are emerging outcomes which need investigation. AKI biomark-
ers may be an important component of this transition as they allow
identification of AKI at the point of injury, rather than when dysfunc-
tion becomes manifest. This process will benefit from the involve-
ment of providers and medical stakeholders as well as patients and
their families; AKI should also be considered in the context of health-
care systems and resources. Ideally, this will generate an iterative pro-
cess leading to improved quality and efficacy of care in addition to
superior outcomes
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Table 1 Workgroup questions and statements

Question

Statements

Question 1: What are the knowledge gaps in our current understand-
ing of pediatric AKI epidemiology?

Question 2: What are the characteristics of comprehensively described
pediatric AKI epidemiology?

Question 3: What is needed to optimize the definition of AKI to
enhance our understanding of pediatric AKI epidemiology?

Question 4: In what ways can advanced epidemiologic understanding
of pediatric AKI be used to catalyze scholarship and improve care
and outcomes in at-risk and/or affected children?

Question 5: In what ways does our current epidemiologic understand-
ing of AKI support a causal relationship between pediatric AKI
events and outcomes and what more is needed?

Statement 1: Pediatric AKI epidemiology is well-described in critically
ill neonates and children from high-income countries; however, fur-
ther study is needed in other healthcare contexts, such as low-middle
income countries and in non-ICU and ambulatory settings

Statement 2: Pediatric AKI studies consistently demonstrate strong
associations with adverse short-term outcomes; however, the socio-
economic impact of AKI and long-term outcomes remain poorly
understood

Statement 3: In addition to standard characteristics, a comprehensive
description of pediatric AKI epidemiology reflects current practice
and best available information. As such, this information should be
up to date and readily available to clinicians and institutions in real
time to facilitate care of patients and families, public health surveil-
lance, field investigations, clinical and pre-clinical studies, and policy
development

Statement 4: Optimal consensus diagnostic criteria for pediatric AKI
will be based upon biomarkers of injury, rather than solely on func-
tional assessments. Additionally, the concept of an AKI event may be
expanded to incorporate diverse AKI phenotypes based upon severity
and the etiologic, functional, and temporal aspects of the disease

Statement 5: An understanding of pediatric AKI epidemiology allows
us to begin employing strategies to improve primary, secondary, and
tertiary AKI prevention in at-risk patient groups

Statement 6: Knowledge of pediatric AKI epidemiology can cata-
lyze the evaluation of AKI healthcare process implementation and
evidence-practice gaps in order to identify relevant stakeholders,
understand practice patterns, and address barriers to change in AKI
care

Statement 7: Available data provide a causal link between pediatric AKI
and a limited scope of short-term outcomes, supporting prevention
and mitigation of pediatric AKI and its complications as valid targets
for improving outcomes

Statement 8: Epidemiologic understanding of pediatric AKI must evolve
to generate insight that reflects the complex, nonlinear trajectory con-
necting AKI events in childhood with long-term health outcomes

teleconference, the Chair distributed minutes of the meeting
to ensure that workgroup members could read and comment
on them. At the November meeting in Napa, which included
the whole pADQI group, the Epidemiology workgroup state-
ments were presented individually and iteratively for peer
review. Further refinement of the questions and statements
ensued with iterative modifications continued at two subse-
quent web-based pADQI meetings, leading to the final Epi-
demiology workgroup key questions and statements below.
Institutional approval was not required, and all pADQI mem-
bers consented to inclusion of their work.

Workgroup statements and rationales
The workgroup considered the questions most relevant to

the refinement and evolution of our understanding of AKI
epidemiology in children. Consensus statements were

then developed by the workgroup and refined by the entire
consensus panel. The questions posed and statements are
outlined below along with the rationales underpinning the
workgroup statements.

Question 1:“What are the knowledge gaps
in our current understanding of pediatric AKI
epidemiology?”

Statement 1 Pediatric AKI epidemiology is well-described
in critically ill neonates and children from high-income
countries; however, further study is needed in other health-
care contexts, such as low-middle income countries and in
non-ICU and ambulatory settings.

The currently accepted definition standard for AKI is the
KDIGO definition [3]. The implementation of standardized
criteria (i.e., KDIGO definition) to define the presence and
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severity of AKI has facilitated a description of pediatric AKI
epidemiology. Prior to the development of a consensus defi-
nition, many different criteria were applied, leading to an
epidemiological heterogeneity which created challenges for
comparisons and extrapolations across different studies and
populations. However, using the standardized criteria, recent
prospective multinational studies provided critical insights
regarding AKI epidemiology in critically ill neonates and
children [4, 5]. Additionally, several observational studies
described AKI epidemiology in specific cohorts of children
including sepsis, those receiving nephrotoxic medications,
and cardiac surgical populations [6—10]. Thus, we have a
solid understanding of AKI risk factors, incidence, and out-
comes in these contexts.

Despite these advances, residual knowledge gaps remain.
For example, few studies have explored AKI in children
receiving acute and emergency care, and minimal data exist
regarding AKI in the ambulatory setting [11-17]. Addition-
ally, we lack data regarding AKI epidemiology outside of
high-income countries, although novel testing approaches
and renewed interest in the applicability of the urine output
AKI criteria may help address this gap [18-25]. Of note, the
scarce data available describing community acquired AKI
are mostly derived from populations in low-middle income
countries; leveraging this advantage may help to more com-
prehensively describe the epidemiology of AKI in children
[13, 16, 20, 26, 27].

Statement 2 Pediatric AKI studies consistently demonstrate
strong associations with adverse short-term outcomes; how-
ever, the socioeconomic impact and long-term outcomes of
AKI remain poorly understood.

Current literature describes consistent and strong asso-
ciations between AKI and increased morbidity, mortality,
and health resource utilization in critically ill children. Criti-
cally ill children who experience AKI are more likely to die
during the period of observation, require longer duration of
mechanical ventilation and hospital stay, and incur greater
costs while hospitalized, and AKI survivors are more likely
to receive ambulatory care and require hospitalization after
discharge [4, 5, 28-30]. Importantly, the associations exhibit
a gradient-response relationship between AKI severity and
risk of poorer outcomes [24, 31]. More recent research has
focused on assessing the medium- and long-term sequalae
of AKI, including its effect on longitudinal kidney function
and socioeconomic impact. Observational studies demon-
strate that pediatric AKI survivors have a high prevalence
of hypertension, chronic kidney disease, and proteinuria [8,
32-35]. However, prospective studies with matched controls
in specific populations have not confirmed these findings
consistently [36, 37]. Thus, medium- and long-term AKI
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survivor epidemiology requires further study to identify risk
factors and potential interventions to prevent or mitigate
long-term morbidity.

Question 2: “What are the characteristics
of comprehensively described pediatric AKI
epidemiology?”

Statement 3 In addition to standard characteristics, a com-
prehensive description of pediatric AKI epidemiology reflects
current practice and best available information. As such, this
information should be up to date and readily available to clini-
cians and institutions in real time to facilitate care of patients
and families, public health surveillance, field investigations,
clinical and pre-clinical studies, and policy development.

Traditionally, AKI epidemiologic characteristics are cat-
egorized as pre-event (e.g., risk factors, key drivers, predic-
tors), peri-event (e.g., demographics, etiology), and post-
event (e.g., outcomes, recovery). However, as a clinical
syndrome, many aspects of AKI remain inadequately stud-
ied. For example, studies have begun to explore epidemio-
logic differences between AKI that develops early vs. late in
hospitalization as well as transient vs. persistent AKI [38].
The proposed definitions for these distinguishing AKI char-
acteristics (or sub-categories or phenotypes) are still evolv-
ing. For example, the concept of persistent AKI has been
defined as AKI duration above a certain number of days or
even as an AKI event which is not resolved before hospital
discharge [39—41]. The recent proposed addition to the AKI
definition of acute kidney disease (or AKD; AKI persist-
ing for greater than 7 to less than 90 days) has provided a
new category for prolonged kidney injury, but also further
increased the complexity of determining how to study AKI
as a risk factor for poor outcomes. These and other new
developed AKI classification refinements will need to be
evaluated for associations with outcomes and in different
patient populations and healthcare contexts.

AKI epidemiology is understood most comprehensively
in critically ill children from high-resource settings. Future
work must study other populations and locations (both in and
out of hospital). Few studies have examined AKI in children
receiving non-critical care, and community acquired AKI
(CA-AKI) is even less well understood [12, 13, 15, 23].
While some AKI studies in low-middle income countries
have been performed recently, a substantial gap remains in
our understanding of kidney disease in these children [13,
16, 17, 23, 26, 27, 42]. A more robust description of AKI
epidemiology in varied healthcare contexts will inform a
more relevant and personalized care plan for children with
AKI. Another important gap is investigation of more holistic
long-term outcomes including health-related quality of life,
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functional status, new disability and morbidity, healthcare
utilization, and financial toxicity [7, 43, 44]. Finally, in the
clinical care context, current knowledge of AKI epidemiol-
ogy and outcomes should be disseminated to local stakehold-
ers to maximize the likelihood that AKI is optimally treated
and followed. When AKI occurs, the ability to detect it and
ascertain its presence should be optimized in order for rel-
evant changes in management and risk mitigation to occur in
a timely manner and impact patient health. Pediatric AKI epi-
demiological data should thus inform current practice with
the best data available to the clinician in real time to treat and
counsel patients and families at the bedside, enhance pub-
lic health surveillance, augment field investigations and stud-
ies, and further policy development to promote child health.

Question 3:“What is needed to optimize
the definition of AKI to enhance our understanding
of pediatric AKI epidemiology?”

Statement 4 Optimal consensus diagnostic criteria for pedi-
atric AKI will be based upon biomarkers of injury, rather
than solely on functional assessments. Additionally, the
concept of an AKI event may be expanded to incorporate
diverse AKI phenotypes based upon severity and the etio-
logic, functional, and temporal aspects of the disease.

The current KDIGO definition relies on surrogate mark-
ers of kidney function (serum creatinine and urine output)
rather than indicators of injury per se. The relationship
between serum creatinine and glomerular filtration rate is
not linear; more than 50% decline in functional capacity may
occur before an increase in creatinine. Changes in serum
creatinine after kidney injury can be delayed up to 24-48 h.
There are also practical limitations to the KDIGO defini-
tion. For example, baseline serum creatinine is not always
available and may require estimation or imputation. Urine
output monitoring enhances AKI detection, yet application
of urine output criteria is not always feasible, especially out-
side of intensive care settings. While the adoption of the
KDIGO criteria has dramatically improved our understand-
ing of AKI epidemiology in children, recent data underscore
the benefit of kidney injury biomarkers. Molecules such as
neutrophil gelatinase-associated lipocalin (NGAL), tissue
inhibitor of metalloproteinase 2 (TIMP-2), and insulin-like
growth factor binding protein 7 (IGFBP7) have been shown
to increase rapidly in the hours following kidney injury [45].
Incorporation of the biomarkers into the definition of AKI,
when used in conjunction with functional assays, will likely
describe the breadth of AKI in children more precisely. As
a corollary, the KDIGO definition contains urine output cri-
teria, yet many studies do not apply them due to the afore-
mentioned challenges. A recent review of 174 AKI studies
found only 28% used urine output criteria to identify AKI

[46]. However, studies show that 20% of children with AKI
only meet urine output criteria and that these patients have
outcomes similar to those meeting the creatinine criteria.
Early studies of “sub-clinical” AKI, defined by elevated kid-
ney injury biomarker levels but normal creatinine and urine
output, have found similar associations with worse outcomes
similar to those with KDIGO defined AKI [47]. Widespread
adoption of injury biomarkers may help us more compre-
hensively describe AKI epidemiology in children [48]. The
adoption of injury biomarkers within the AKI definition and
further within clinical care is a much wider topic than was
discussed within this workgroup’s activities. However, it was
acknowledged that such progress has been somewhat slow.
Reasons for this relatively slow advancement are multifac-
torial, including research-related and non-research-related
(e.g., competing interests between different biomarkers;
approval for use; commercial availability; cost) issues.
From a research perspective, identifying key biomarker
concentration thresholds which optimally predict outcomes
when incorporated within the AKI definition and identifying
which patients are most likely to benefit from having injury
biomarkers measured represent key areas for investigation.

The KDIGO definition classifies AKI by stages according
to the magnitude of change in serum creatinine and/or urine
output, but new evidence suggests the duration of change
also influences outcomes. Persistent and transient AKI may
each have clinical characteristics that are associated with dif-
ferent outcomes [49, 50]. AKI duration and non-recovery
have important prognostic implications and could provide
added value in refining the definition of AKI. Finally, AKI is
a complex disorder with diverse pathophysiological mecha-
nisms based upon etiology and the molecular pathways
affected. Different AKI phenotypes exist and may require
different tailored approaches to treatment [51]. The KDIGO
AKI definition does not incorporate this information and
instead defines all AKI as a single homogeneous disease.
Thus, just as the definition of AKI has been standardized, it
will be important to apply consensus definitions that can be
tested regarding AKI terminology (i.e., transient, persistent,
community acquired) and progression (i.e., kidney recovery,
acute kidney disease (AKD), and CKD).

Question 4: “In what ways can advanced
epidemiologic understanding of pediatric AKI be
used to catalyze scholarship and improve care
and outcomes in at-risk and/or affected children?”

Statement 5 An understanding of pediatric AKI epidemi-
ology allows us to begin employing strategies to improve
primary, secondary, and tertiary AKI prevention in at-risk
patient groups.
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A systematic and comprehensive understanding of pedi-
atric AKI epidemiology, including incidence and risk fac-
tors for AKI and its outcomes, provides the foundation for
catalyzing scholarship and the potential to lead to improved
pediatric AKI outcomes. This knowledge will ultimately
allow interventional studies to be designed and performed
appropriately, help advocate for and educate stakeholders
and patients about quality improvement opportunities, and
lead to implementation of practice changes across the globe.
Our current epidemiologic understanding of pediatric AKI
enables deployment of strategies to prevent AKI in estab-
lished, high-risk patient groups (e.g., critical illness, car-
diac surgery, high nephrotoxin burden). These cohorts are
at higher risk for developing AKI and should be targeted
for interventional strategies designed to prevent AKI devel-
opment. In many cases, prevention of the injurious event
itself is not feasible. In such situations, patients at high risk
for AKI or undergoing interventions associated with high
risk for kidney injury can be targeted for secondary AKI
prevention, where strategies are employed before or after
the event to prevent AKI or mitigate its severity. Finally,
our understanding of AKI epidemiology allows clinicians
to identify AKI accurately in high-risk groups, so tertiary
strategies can be employed with the goal of mitigating pro-
gression, severity, persistence, and chronic sequelae. As
therapies, guidelines, or nonpharmacological interventions
become available, the most robust epidemiological data can
be used to further refine populations for intervention and
target pediatric-specific outcomes.

Statement 6 Knowledge of pediatric AKI epidemiology can
catalyze the evaluation of AKI healthcare process implemen-
tation and evidence-practice gaps in order to identify rel-
evant stakeholders, understand practice patterns, and address
barriers to change in AKI care.

Changing care for children with AKI requires adapting
existing care processes, re-evaluating entrenched beliefs,
and understanding the variability of resource limitations
around the world. A comprehensive understanding of pedi-
atric AKI incidence and risk factors allows exploration
of relevant AKI practice patterns and healthcare resource
availability which impact AKI epidemiology and its ascer-
tainment. This, in turn, allows identification of potentially
modifiable evidence-practice gaps across geographic and
healthcare contexts as well as clarifies stakeholder priori-
ties and barriers to changing AKI care. Ultimately, generated
evidence will help develop opportunities for innovative AKI
care process implementation. As knowledge emerges from
efforts to implement novel AKI treatments or care processes,
a cyclical knowledge generating process should continuously
inform our understanding of pediatric AKI epidemiology
and best care practice processes.

@ Springer

Question 5: “In what ways does our current
epidemiologic understanding of AKI support

a causal relationship between pediatric AKI events
and outcomes and what more is needed?”

Statement 7 Awvailable data provide a causal link between
pediatric AKI and a limited scope of short-term outcomes,
supporting prevention and mitigation of pediatric AKI and
its complications as valid targets for improving outcomes.

Statement 8 Epidemiologic understanding of pediatric AKI
must evolve to generate insight that reflects the complex,
nonlinear trajectory connecting AKI events in childhood
with long-term health outcomes.

One commonly cited framework for causal inference is
the Bradford Hill criteria [52]. The strength, consistency,
plausibility, temporality, and biological gradient of the
observed association between pediatric AKI and short term,
in-hospital outcomes support establishment of causality [4,
5, 53-56]. An independent association of clinically meaning-
ful magnitude is observed consistently in varied cohorts and
settings with a dose-response relationship [5, 9, 53, 54, 57—
59]. Additionally, the relationship between AKI and worse
in-hospital outcomes is observed across varying definitions
and study designs as well as different geographical locations
[9, 42, 60-62]. Finally, when making a causal assessment
of the in-hospital outcomes following pediatric AKI, it is
clear that the temporal sequence supports causation, with
the biological mechanisms fitting appropriately within time-
frames reported for outcomes in the epidemiological litera-
ture [63—67]. Using this established framework, available
data in children support a causal link between pediatric AKI
and mortality, length of stay, and ventilation time, from the
viewpoint of strength of association, consistency of findings,
temporality, the presence of a biologic gradient, and plau-
sibility. Identifying AKI as a contributing cause of negative
short-term outcomes implies that its elimination will have a
positive effect on pediatric health outcomes.

Although the majority of our current epidemiological
understanding of pediatric AKI relates to short-term out-
comes, AKI has been implicated as a risk factor for the
development of CKD [33]. There appears to be a biological
gradient with an incrementally increased risk of negative
long-term kidney outcomes with increased severity of AKI
observed using both prospective cohort methodology as well
as administrative data [32, 68]. In addition, the temporal
progression from AKI exposure to outcome is persuasive
for causal inference and fits with the evolving exposure-
to-disease paradigm [32, 33, 68]. Nephron loss, cell cycle
arrest, endothelial injury, maladaptive repair mechanisms,
inflammation, mitochondrial dysfunction, and epigenetic
changes have all been elucidated as possible mechanisms
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of an AKI-to-CKD transition [69—72]. When applying the
fundamental tenets of causal assessment to the relationship
between pediatric AKI and adverse long-term kidney out-
comes, there does seem to be biologic plausibility; however,
there is not yet enough support to definitely infer causation.
Unfortunately, pediatric RCTs designed to examine long-
term outcomes, with experimental manipulation of AKI
events, are likely to be prohibitively expensive, unrepresent-
ative, time-limited, and subject to significant co-intervention
over time. Therefore, what is currently and urgently needed
to clarify the causal nature of longer-term associations in
children are high-quality observational studies (including
relevant comparator cohorts and much larger study samples
than previously described) as well as careful consideration
of, and agreement on, what defines the most meaningful
and measurable longer-term outcomes after pediatric AKI.

Summary

Our understanding of pediatric AKI has increased dramati-
cally over the last two decades. Standard definitions have
allowed us to describe the incidence of AKI in critically ill
children and other high-risk cohorts. Observational studies
have identified risk factors and described the ramification
of AKI events and the short-term outcomes these patients
experience. Despite these advances, gaps remain; we need
to better understand pediatric AKI in non-critically ill chil-
dren, in the ambulatory setting, and in low-middle income
countries. Our ability to close these gaps may hinge on the
manner in which we identify and characterize AKI events.
Biomarkers may allow us to identify kidney injury rather
than relying upon dysfunction as a proxy for injury. Addi-
tionally, exploring AKI phenotypes based on causality and
temporality as well as studying longer-term and patient-
centric outcomes will help us further refine pediatric AKI
epidemiology. Ultimately, a comprehensive understanding
of the AKI syndrome will allow us to implement preventa-
tive, quality improvement, and, when available, therapeutic
interventions most effectively.
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