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Abstract
Pediatric Acute Kidney Injury (AKI) is an increasingly prevalent global health concern that extends far beyond 
a transient clinical event, posing a significant risk for long-term kidney dysfunction. This review consolidates 
current knowledge on the pathophysiological transition from pediatric AKI to Chronic Kidney Disease (CKD), 
critically evaluating the mechanisms of maladaptive repair, the utility of biomarkers, and the state of long-term 
surveillance strategies. The progression to CKD is driven by maladaptive repair, a process where the kidney’s 
healing mechanisms become dysregulated following a severe or prolonged insult. This pathological cascade 
involves persistent inflammation, endothelial dysfunction, tubular epithelial cell cycle arrest, and the activation of 
myofibroblasts, culminating in irreversible interstitial fibrosis and nephron loss. The kidneys of preterm infants and 
neonates are particularly vulnerable; preterm infants may have incomplete nephrogenesis, leading to a reduced 
nephron endowment, while neonates exhibit functional immaturity. An AKI during these critical early periods 
can have a disproportionately large impact, amplifying the lifetime risk for hypertension and accelerated CKD. 
Evidence confirms that pediatric AKI survivors face a substantially increased risk of incident CKD, hypertension, and 
proteinuria, even when serum creatinine levels return to baseline. Current diagnostic tools, reliant on creatinine, are 
insensitive and lag behind the actual injury, hindering timely intervention. While novel biomarkers show promise 
for early AKI detection, their ability to predict the transition to CKD remains an area of active investigation. Major 
conclusions from this review highlight that pediatric AKI must be reframed as a sentinel event that necessitates 
a long-term approach to kidney health. However, care is often fragmented, a challenge compounded by a lack 
of pediatric-specific, evidence-based follow-up guidelines. Future progress depends on dedicated research into 
the unique aspects of maladaptive repair in developing kidneys, the validation of predictive biomarkers, and the 
development of targeted, age-appropriate therapies.
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Background
Pediatric Acute Kidney Injury (AKI) is a global health 
concern with significant morbidity and mortality [1]. 
Beyond its immediate impact, AKI is now recognized as 
a potent catalyst for long-term kidney dysfunction, fun-
damentally shifting the clinical paradigm [1]. It is no lon-
ger viewed as a transient event but as an injury capable 
of inflicting permanent nephron loss, thereby initiating 
a potential progression toward Chronic Kidney Disease 
(CKD) [2].

This process is especially concerning in the context 
of the developing kidney. Preterm infants are born with 
structural immaturity, as nephrogenesis may be incom-
plete, leading to a lifelong deficit in nephron number 
[3]. Neonates exhibit functional immaturity, with ongo-
ing renal maturation in the early postnatal period. An 
acute insult during these specific windows of vulner-
ability can easily lead to maladaptive repair, with lifelong 
consequences.

The escalating incidence of pediatric AKI is not merely 
an artifact of enhanced surveillance. Improved survival 
rates for children with complex congenital and acquired 
diseases have, paradoxically, expanded the population 
at risk for AKI due to exposure to aggressive, yet nec-
essary, therapies such as major cardiac surgeries and 
nephrotoxic medications [1]. This expanding cohort of 
vulnerable young survivors amplifies the AKI burden, 
demanding a strategic pivot from reactive treatment to 
proactive prevention and meticulous management.

At the heart of the ominous transition from AKI to 
CKD lies the concept of “maladaptive repair”—a pro-
cess where the kidney’s inherent healing mechanisms go 
awry, fostering scarring and a relentless erosion of func-
tion instead of restoring normal architecture [4]. When 
maladaptive repair processes—such as persistent inflam-
mation and unchecked fibrosis—are superimposed upon 
this developing organ, the consequences can be pro-
found, consuming a proportionally larger segment of the 
functional renal parenchyma and charting a course for an 
accelerated decline in kidney function over a lifetime.

This review dissects the intricate pathophysiology fuel-
ing the AKI-to-CKD transition in children. We will criti-
cally analyze the molecular and cellular mechanisms of 
maladaptive renal repair, evaluate the current landscape 
of biomarkers for early detection and prognostication, 
and scrutinize prevailing long-term surveillance strate-
gies. By identifying crucial knowledge gaps and charting 
future research directions, we aim to galvanize a deeper, 
more nuanced understanding of this critical issue and 
inspire concerted efforts to safeguard the long-term out-
comes for these vulnerable young patients.

The evolving landscape of pediatric acute kidney 
injury
A startling scale and a critical blind spot
The sheer scale of pediatric AKI is startling. In high-
risk settings, such as following cardiac surgery, its inci-
dence can affect 30–50% of infants and children [1]. 
Within pediatric intensive care units (PICUs), it affects 
approximately 10–35% of young patients [1]. The land-
mark Assessment of Worldwide Acute Kidney Injury, 
Renal Angina and Epidemiology (AWARE) study, a global 
snapshot of 4,683 critically ill children, found that 26.9% 
developed AKI within one week of ICU admission, with 
severe injury (KDIGO Stage 2 or 3) directly linked to a 
stepwise escalation in mortality [1]. The challenge begins 
at birth. The Assessment of Worldwide Acute Kidney 
Injury Epidemiology in Neonates (AWAKEN) study 
documented AKI in 30% of newborns, with the most vul-
nerable—those born before 29 weeks’ gestation—experi-
encing a staggering incidence of 47.9% [5]. Even among 
general hospital admissions, AKI is estimated to occur in 
1–7% of children [6].

Yet, a gap often exists between this research data and 
clinical practice. When an AKI episode goes unrec-
ognized, the critical window for intervention closes, 
increasing the odds of maladaptive repair and progres-
sion to CKD [7]. A radical improvement in recognition is 
needed, driven by provider education and systemic safe-
guards like electronic alerts.

Shifting etiologies and a window for prevention
The etiological landscape of pediatric AKI is diverse. 
In developing countries, community-acquired insults 
such as severe dehydration from gastroenteritis, over-
whelming sepsis, and hemolytic uremic syndrome (HUS) 
remain predominant causes [1]. In developed nations, 
while these conditions are still significant contributors, 
there has been a shift toward a greater proportion of 
hospital-acquired AKI [1]. Common causes in all settings 
include sepsis from infections like pneumonia or bron-
chiolitis, and severe dehydration [8–10].

A substantial portion of hospital-acquired cases are iat-
rogenic or, at the very least, predictable. Key contributors 
include complications of critical illness, major surger-
ies (particularly cardiac procedures), and exposure to a 
wide range of nephrotoxic medications [1]. This predict-
ability presents a profound opportunity. Initiatives like 
the Nephrotoxic Injury Negated by Just-in-time Action 
(NINJA) program have successfully reduced medication-
associated AKI [11]. This foresight permits robust risk 
stratification and the deployment of preemptive coun-
termeasures: aggressive hydration, scrupulous dosing of 
nephrotoxins, and intensified monitoring. A comprehen-
sive classification of etiologies is in Table 1.
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The Double-Edged sword of standardized definitions
The effort to standardize the definition of AKI was a 
watershed moment for the field of pediatric nephrology, 
rescuing it from an era of over 35 different definitions [1]. 
The evolution from pediatric RIFLE (pRIFLE) to the Kid-
ney Disease: Improving Global Outcomes (KDIGO) cri-
teria has brought much-needed order, defining AKI via 
changes in serum creatinine (SCr) and urine output (UO) 
[1, 12, 13].

Despite this progress, debate rages over the limitations 
of these definitions (Table 2). The reliance on SCr is a pri-
mary contention. SCr is a flawed, lagging indicator influ-
enced by non-renal factors like age, muscle mass, and 
hydration, making its interpretation in children complex 
[1]. It often remains normal until up to 50% of glomeru-
lar filtration is lost [1]. The very concept of a “baseline” 
SCr is frequently an illusion in acutely ill children with 
no recent measurements [1]. This is further complicated 
in conditions like diabetic ketoacidosis, where acetoac-
etate can interfere with certain creatinine assays, leading 
to falsely elevated levels [14]. In such cases, estimating 
baseline SCr using validated height-based equations is a 
commonly employed and recommended strategy, includ-
ing in specific scenarios like T1DM onset [15–17]. These 
challenges are magnified in neonates, whose SCr ini-
tially reflects their mother’s. UO, while an earlier signal, 
is easily confounded by fluid management and diuretic 
use [18]. This fundamental dissatisfaction with our cur-
rent diagnostic toolkit is the principal engine driving the 

intensive search for novel biomarkers to detect injury 
earlier and more accurately.

The enduring scar: evidence, risks, and 
consequences
From acute insult to chronic impairment
The connection between pediatric AKI and subsequent 
CKD is now an incontrovertible link [2]. Even a single 
episode of mild AKI can double the long-term risk of 
CKD [19]. Children who survive an episode of AKI, even 
those not requiring acute kidney replacement therapy 
(KRT), face a significantly higher risk of long-term major 
adverse kidney events (MAKE) [20]. One large study 
found that over a median of 10 years, AKI survivors faced 
a 7.9-fold increased hazard of developing incident CKD 
compared to matched hospitalized children without AKI 
[21]. This evidence demolishes the misconception of 
pediatric AKI as a uniformly recoverable condition.

The adverse legacy of pediatric AKI extends beyond a 
formal CKD diagnosis to include hypertension and pro-
teinuria (Table  3). Survivors have a 2.3-fold greater risk 
of developing hypertension, a potent accelerant of kid-
ney disease progression [21]. The presence of protein-
uria post-AKI is a powerful harbinger of future decline 
[22]. Furthermore, a child who survives one AKI episode 
has a 3.7-fold higher risk of subsequent AKI episodes, 
suggesting that even when SCr normalizes, the kid-
ney is left with a scar of subclinical damage that erodes 
its functional reserve [21]. This grim cycle underscores 

Table 1  Common etiologies of pediatric AKI
Category Sub-Category Specific Examples
Pre-renal Injury Decreased True Intravascu-

lar Volume
Dehydration (vomiting, diarrhea), hemorrhage, burns, poor fluid intake [6]

Decreased Effective Intra-
vascular Volume

Sepsis, shock, heart failure (cardiorenal syndrome), nephrotic syndrome, liver disease (hepatorenal 
syndrome), capillary leak [3]

Intrinsic Renal 
Disease

Acute Tubular Necrosis 
(ATN)

Hypoxic/ischemic insults (e.g., prolonged shock, asphyxia, cardiac arrest), sepsis-associated ATN [3]

Nephrotoxin-Induced ATN Drugs: Aminoglycosides, amphotericin B, cisplatin, ifosfamide, NSAIDs, ACE inhibitors, ARBs, vancomy-
cin, acyclovir, contrast media [1]
Endogenous Toxins: Hemoglobin (hemolysis), myoglobin (rhabdomyolysis), uric acid (tumor lysis 
syndrome), light chains [3]
Exogenous Toxins: Ethylene glycol, methanol, heavy metals [3]

Glomerulonephritis Post-streptococcal glomerulonephritis, IgA nephropathy, lupus nephritis, ANCA-associated vasculitis, 
anti-GBM disease (Rapidly Progressive GN) [3]

Acute Interstitial Nephritis 
(AIN)

Drug-induced: Penicillins, cephalosporins, sulfonamides, NSAIDs, proton pump inhibitors, rifampin [3]
Infection-related: Bacterial, viral, fungal [3]
Idiopathic/Systemic Disease: Sarcoidosis, TINU syndrome [3]

Vascular Lesions Renal artery thrombosis/stenosis, renal vein thrombosis, HUS, thrombotic thrombocytopenic purpura 
(TTP), cortical necrosis, vasculitis [3]

Other Intrinsic Hypoplasia/dysplasia with or without obstructive uropathy, exposure to nephrotoxic drugs in utero [6]
Post-renal 
(Obstructive 
Uropathy)

Upper Urinary Tract 
Obstruction

Bilateral ureteral obstruction (e.g., stones, clots, tumors, retroperitoneal fibrosis), obstruction in a 
solitary kidney, ureteropelvic junction obstruction [3]

Lower Urinary Tract 
Obstruction

Posterior urethral valves, urethral stricture, neurogenic bladder, bladder outlet obstruction (e.g., 
stones, tumors) [3]
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that surveillance must not only screen for CKD but also 
champion strategies to prevent recurrent AKI.

Identifying the vulnerable: risk factors for progression
The trajectory from AKI to CKD is modulated by a con-
fluence of factors.

The nature of the injury  The severity (higher KDIGO 
stage, need for KRT), duration, and frequency of AKI 
episodes are paramount [12]. The etiology is also critical; 
insults like severe ischemic ATN or HUS, known for caus-
ing extensive structural damage, carry a higher propensity 
for inducing irreversible fibrosis [3].

The developing host  Age at injury is a uniquely critical 
determinant. Neonates, and especially premature infants, 
are an exceptionally vulnerable population. While tradi-
tionally it was thought that nephrogenesis continues until 
34–36 weeks’ gestation, recent evidence suggests this pro-
cess may conclude much earlier, possibly by 40 days after 
birth, even in preterm infants [23]. An AKI occurring 
before the completion of nephrogenesis can permanently 
truncate the number of nephrons, resulting in a lifelong 
deficit [1]. Low birth weight is an independent risk fac-

tor for CKD [24]. Pre-existing conditions like congenital 
anomalies of the kidney and urinary tract (CAKUT), con-
genital heart disease, or malignancies also heighten sus-
ceptibility [6].

Early warning signs  Persistent hypertension or pro-
teinuria after an AKI episode is a significant predictor of 
future CKD [3, 22].

An insult to a growing organ: the impact of AKI on 
development
When AKI strikes a developing kidney, it can inflict per-
manent damage. Arresting nephron formation leads to a 
reduced nephron count, forcing the remaining nephrons 
into a state of compensatory hyperfiltration—a well-
established driver of progressive glomerulosclerosis [24]. 
Thus, even a neonatal AKI that appears to resolve clini-
cally can sow the seeds for kidney disease that manifests 
years or decades later [3].

Furthermore, the process of maladaptive repair unfolds 
within a growing organ. A volume of fibrotic scar tissue 
that might be relatively small in an adult kidney could 
compromise a much larger fraction of the total functional 
renal mass in an infant, leading to a more significant and 

Table 2  Definitions and staging criteria for pediatric AKI and associated controversies
Definition 
System & 
Staging

Key Criteria Key Controversies/Limitations

KDIGO (Kid-
ney Disease: 
Improving 
Global Out-
comes) [1]

AKI Definition:
- Increase in SCr by ≥ 0.3 mg/dL (≥ 26.5 µmol/L) within 48 h, OR
- Increase in SCr to ≥ 1.5 times baseline (known or presumed within 7d), OR
- UO < 0.5 mL/kg/h for ≥ 6 h
Staging:
Stage 1: SCr 1.5 − 1.9 x baseline OR ≥ 0.3 mg/dL increase; UO < 0.5 mL/kg/h for 6–12 h
Stage 2: SCr 2.0 − 2.9 x baseline; UO < 0.5 mL/kg/h for ≥ 12 h
Stage 3: SCr ≥ 3.0 x baseline OR SCr ≥ 4.0 mg/dL (≥ 353.6 µmol/L) OR initiation of KRT OR (in chil-
dren < 18y) eGFR < 35 mL/min/1.73m2; UO < 0.3 mL/kg/h for ≥ 24 h OR anuria for ≥ 12 h

- Reliance on SCr (late marker, 
influenced by muscle mass, age, 
and hydration).
- Difficulty in defining baseline SCr.
- UO criteria affected by fluid 
status/diuretics.
- Neonatal application requires 
modification (e.g., AWAKEN 
adaptation with SCr ≥ 2.5 mg/dL 
for Stage 3).
- Ongoing debate about revising 
or discarding the current staging.

pRIFLE (pe-
diatric Risk, 
Injury, Failure, 
Loss, End-
stage) [1]

Based on % change in estimated creatinine clearance (eCCl) or UO criteria.
Risk: eCCl decrease by 25%; UO < 0.5 mL/kg/h for 8 h
Injury: eCCl decrease by 50%; UO < 0.5 mL/kg/h for 16 h
Failure: eCCl decrease by 75% OR eCCl < 35 mL/min/1.73m2; UO < 0.3 mL/kg/h for 24 h OR 
anuria for 12 h
Loss: Persistent Failure > 4 weeks
ESRD: Persistent Failure > 3 months

- Requires estimation of baseline 
eCCl (can be problematic).
- SCr-based pRIFLE also exists.
- Similar SCr limitations as KDIGO.

AKIN (Acute 
Kidney Injury 
Network) [1]

Based on absolute or relative SCr increase or UO.
Stage 1: SCr increase ≥ 0.3 mg/dL OR 1.5 − 2.0 x baseline; UO < 0.5 mL/kg/h for > 6 h
Stage 2: SCr increase > 2.0 − 3.0 x baseline; UO < 0.5 mL/kg/h for > 12 h
Stage 3: SCr increase > 3.0 x baseline OR SCr ≥ 4.0 mg/dL with acute rise of ≥ 0.5 mg/dL OR KRT 
initiation; UO < 0.3 mL/kg/h for > 24 h OR anuria for 12 h

- More restrictive diagnostic time-
frame for SCr change (≥ 0.3 mg/dL 
within 48 h).
- Eliminates the need to estimate 
creatinine clearance but retains 
SCr limitations.

General Con-
troversies [1]

- Optimal definition for neonates and infants with low muscle mass.
- Impact of fluid overload on SCr and UO criteria.
- Lack of incorporation of novel kidney damage biomarkers.
- Need for definitions that better predict long-term outcomes like CKD.

- Calls to revise KDIGO staging or 
develop new systems incorporat-
ing biomarkers.
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earlier decline in function [3]. Beyond the kidney itself, 
AKI has been linked to impaired somatic growth, with 
studies showing lower length and weight z-scores in chil-
dren post-AKI, an effect most pronounced in infants [25].

The biology of a scar: unraveling maladaptive 
repair
When healing fails: the switch to maladaptive repair
Following an acute insult, the kidney mobilizes a repair 
program. In an ideal outcome, this adaptive repair is a 
model of efficiency: cellular debris is cleared, surviving 
tubular epithelial cells (TECs) dedifferentiate and pro-
liferate to repopulate the damaged scaffolding, and then 
redifferentiate into a fully functional epithelium, allowing 
the kidney to heal [4].

When this fragile process is disrupted by an injury 
that is too severe or prolonged, it veers into maladaptive 
repair, a pathological cascade of persistent inflamma-
tion and fibrosis that culminates in irreversible nephron 
loss—the definition of CKD [4]. Recent single-nucleus 
multiomics have revealed that “maladaptive” proximal 
tubule cells, with an aberrant epigenetic signature, can 
persist for months post-AKI [4]. This suggests a “cel-
lular memory” of injury, encoded by lasting epigenetic 
modifications [26] or the presence of senescent cells [27], 
that serves as a critical checkpoint. This discovery sug-
gests a profound therapeutic implication: the window 
for intervention may extend far beyond the acute phase. 
Therapies aimed at ‘resetting’ these persistent cellu-
lar aberrations could potentially halt the progression to 
CKD.

The cellular mechanisms of maladaptive repair
Multiple interconnected cellular processes contribute to 
the maladaptive repair cascade:

Persistent inflammation  Failure of acute inflammation 
to resolve is a primary driver. A delayed switch of macro-
phages from a pro-inflammatory (M1) to a pro-reparative 
(M2) phenotype contributes to fibrosis [26].

Endothelial dysfunction and microvascular rarefac-
tion  Injury to peritubular capillaries leads to local 
hypoxia, a potent stimulus for fibrosis. The progressive 
loss of these capillaries, or rarefaction, is a cardinal feature 
of the AKI-to-CKD transition [26].

Tubular epithelial cell failure  Severely injured TECs 
can become arrested in the G2/M phase of the cell cycle, 
adopting a pathogenic phenotype that secretes pro-
fibrotic factors [26]. Failure to fully redifferentiate also 
fuels the fibrotic process [4].

Myofibroblast activation and matrix deposition  Myo-
fibroblasts are the architects of the renal scar. They 
originate primarily from resident renal pericytes and 
interstitial fibroblasts and are responsible for the exces-
sive deposition of extracellular matrix (ECM) [26].

Table 3  Long-Term adverse outcomes following pediatric AKI
Outcome Reported Risk/Incidence Key Contributing 

Factors/Populations
Incident CKD 
[20]

− 16% in AKI survivors vs. 2% 
in comparators (HR 7.9) over 
~ 10 years (non-KRT AKI)
− 13.1% in dialysis-treated AKI 
survivors over ~ 9.6 years (HR 
8.7 vs. comparators)
− 28% with eGFR < 90 mL/
min/1.73m2 at 6.5 years 
post-AKI

AKI severity, etiology, 
age (neonates, prema-
turity), recurrent AKI

Hypertension 
[21]

− 17% in AKI survivors vs. 8% 
in comparators (HR 2.3) over 
~ 10 years (non-KRT AKI)
− 12.1% in dialysis-treated AKI 
survivors over ~ 9.6 years (HR 
3.35 vs. comparators)
- Common in children with 
post-AKI CKD

AKI itself, development 
of CKD, and potential 
endothelial dysfunction

Proteinuria/
Albuminuria 
[40]

- Subnephrotic proteinuria at 
discharge/3 months post-AKI 
significantly associated with 
CKD at 1 year
- Higher urine protein levels 
indicate an increased risk of 
CKD progression

Persistent tubular/glo-
merular damage

Subsequent 
AKI Episodes 
[21]

− 6% in AKI survivors vs. 2% in 
comparators (HR 3.7) during 
later hospitalizations (non-
KRT AKI)
− 14.0% in dialysis-treated AKI 
survivors

Residual kidney dam-
age, reduced renal 
reserve, “sensitized” 
kidney

Cardiovascu-
lar Disease 
(CVD) [20]

- Increased risk in adulthood 
linked to AKI (less defined 
in children directly, but 
hypertension is a major CVD 
risk factor)

Hypertension, CKD 
development, chronic 
inflammation, endothe-
lial dysfunction

Long-term 
KRT (Dialysis/
Transplant) 
[21]

− 2% in AKI survivors vs. < 1% 
in comparators (HR 11.7) over 
~ 10 years (non-KRT AKI)
− 2.6% of dialysis-treated AKI 
survivors developed kidney 
failure requiring chronic KRT

Severe initial AKI, pro-
gression to ESRD

Mortality [21] - No significant difference 
in all-cause mortality for 
non-KRT AKI survivors in one 
large study
- Increased risk of kidney 
failure or death (HR 2.96) for 
dialysis-treated AKI survivors

Severity of initial AKI, 
comorbidities, progres-
sion to ESRD

Impaired 
Growth [25]

- Lower length and weight 
z-scores post-AKI, especially 
in infants

Nutritional disturbanc-
es, chronic inflamma-
tion, metabolic acidosis, 
CKD development
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Mitochondrial dysfunction and oxidative stress  The 
proximal tubule is rich in mitochondria to fuel its high 
metabolic activity [28]. During AKI, mitochondrial dam-
age leads to energy depletion and the production of reac-
tive oxygen species (ROS) [29]. Persistent mitochondrial 
dysfunction and oxidative stress post-AKI can drive 
chronic inflammation, cellular senescence, and fibrosis, 
representing a key mechanism in the transition to CKD 
[30].

The molecular orchestra of fibrosis
A complex web of molecular signals orchestrates fibro-
sis (Table  4). Transforming Growth Factor-β (TGF-β) is 
the master regulator [3]. Developmental pathways like 
Wnt/β-catenin and Notch signaling are aberrantly reacti-
vated, where their sustained activation promotes fibrosis 
[31–33]. Cellular senescence leads to a pro-inflammatory 
senescence-associated secretory phenotype (SASP) that 
drives fibrosis [27]. Epigenetic modifications can lock in a 
pro-fibrotic gene program [26]. Autophagy, while protec-
tive acutely, may become detrimental if persistently acti-
vated [34].

These pathophysiological mechanisms must be viewed 
through the lens of the developing pediatric kidney, which 
introduces specific vulnerabilities [3]. The most critical is 
the impact on nephron endowment. Since nephrogenesis 
continues until approximately 34–36 weeks of gestation 
(or potentially earlier, as recent evidence suggests), an 

AKI in a preterm infant can permanently arrest nephron 
formation, resulting in a congenitally low nephron num-
ber [3, 23]. This lifelong deficit predisposes the child to 
hypertension and CKD [24]. Furthermore, fibrotic scar-
ring may have a disproportionately greater functional 
impact on a smaller, still-growing kidney.

The role of KRT in renal injury
For patients with severe AKI, KRT is a life-saving inter-
vention. However, the therapy itself can contribute to 
further kidney injury and potentially influence the transi-
tion to CKD [35]. KRT-associated hypotension can cause 
ischemic insults to the recovering kidney. Furthermore, 
exposure of blood to extracorporeal circuits can trig-
ger inflammatory and complement activation pathways, 
potentially exacerbating the existing inflammatory milieu 
within the kidney [36, 37]. While the choice of KRT 
modality and its operational parameters may have a sig-
nificant impact on renal recovery, the optimal strategy to 
preserve long-term kidney function remains unknown. 
There is a notable lack of data from randomized con-
trolled trials in children comparing outcomes such as 
long-term renal recovery between different modalities 
like continuous KRT (CKRT) and intermittent hemodi-
alysis (IHD) [38]. Patients who experience AKI severe 
enough to require KRT (AKI-D) represent a particularly 
high-risk group for subsequent CKD, not only due to the 

Table 4  Key cellular and molecular mechanisms implicated in maladaptive kidney repair Post-AKI
Mechanism Key Cellular Players/Mediators Pathophysiological Consequence (leading to fibrosis/CKD)
Persistent Inflammation [26] Macrophages (M1, pro-fibrotic M2), Neu-

trophils, Lymphocytes, Pro-inflammatory 
cytokines (TNF-α, IL-1β, IL-6), Chemokines 
(MCP-1/CCL2)

Chronic immune cell infiltration, sustained production of damaging 
mediators, promotion of fibroblast activation

Tubular Epithelial Cell Dysfunc-
tion [4]

Injured TECs G2/M cell-cycle arrest with pro-fibrotic phenotype, failed redifferentia-
tion, apoptosis, necrosis, persistent expression of injury markers (KIM-1)

Myofibroblast Activation & ECM 
Deposition [26]

Renal Pericytes, Resident Fibroblasts, 
(potentially Fibrocytes)

Differentiation into α-SMA + myofibroblasts, excessive production and 
deposition of ECM (collagens, fibronectin), tissue stiffening, organ 
dysfunction

Endothelial Dysfunction & Mi-
crovascular Rarefaction [26]

Peritubular capillary endothelial cells, 
Pericytes

Impaired blood flow, hypoxia, loss of capillaries, vascular instability, 
reduced delivery of oxygen/nutrients, promotion of fibrosis

TGF-β Signaling Dysregula-
tion [3]

TGF-β1, Smad2/3, TECs, Macrophages, 
Myofibroblasts

Potent induction of myofibroblast differentiation, stimulation of ECM 
synthesis, inhibition of ECM degradation, promotion of epithelial cell 
changes

Wnt/β-catenin Signaling Dys-
regulation [31]

Wnt ligands, β-catenin, Frizzled receptors, 
TECs, Fibroblasts

Sustained activation promotes fibroblast proliferation and activation, 
ECM production; (beneficial in acute TEC repair)

Notch Signaling Dysregulation 
[32]

Notch receptors (1–4), Ligands (Jagged, 
Dll), Hes1

Prolonged/aberrant activation promotes tubular injury, dedifferentia-
tion, fibrosis, impaired repair (especially in aging)

Cellular Senescence & SASP [26] Senescent TECs, SASP components (IL-6, 
IL-1α, MCP-1, TGF-β)

Irreversible cell cycle arrest, secretion of pro-inflammatory/pro-fibrotic 
factors, paracrine senescence induction, chronic inflammation, fibrosis

Epigenetic Modifications [26] DNA methylation changes, Histone modifi-
cations (acetylation, methylation)

Altered gene expression favoring sustained pro-inflammatory/pro-
fibrotic states, “epigenetic memory” of injury

Dysregulated Autophagy [34] Autophagosomes, Lysosomes, TECs Persistent high levels in chronic phase may promote tubular degen-
eration and pro-fibrotic phenotype; (protective in acute phase)

Mitochondrial Dysfunction & 
Oxidative Stress [30]

Mitochondria, Reactive Oxygen Species Energy depletion, persistent oxidative stress, promotion of inflamma-
tion, senescence, and fibrosis
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severity of their initial injury but also due to these poten-
tial secondary insults from the therapy itself [39].

Beyond creatinine: the quest for biomarkers to 
illuminate the path to CKD
The failing light of traditional markers
Clinicians have long used the dim light of SCr and 
UO, which provide a delayed and clouded view of 
renal injury [1, 40]. This reliance on flawed metrics has 
fueled the quest for novel biomarkers. A key conceptual 
advance driven by this research is the move to differen-
tiate between functional AKI (a physiological response 
with a drop in GFR but no cellular damage, previously 
termed ‘pre-renal’) and structural AKI (evidence of true 
parenchymal injury) [41, 42]. Biomarkers of damage, 
like NGAL or KIM-1, can identify structural injury even 
when SCr is normal, while a rise in SCr without elevated 
damage markers may represent functional AKI [43, 44]. 
This distinction is critical for prognosis and management 
[39].

A new dawn: the promise of novel injury biomarkers
An emerging panel of candidates holds promise for pedi-
atric AKI (Table 5).

Early messengers of tubular injury  Neutrophil Gelati-
nase-Associated Lipocalin and Kidney Injury Molecule-1 
are released from damaged TECs hours before SCr rises 
[6, 45, 46].

A superior filtration marker  Serum Cystatin C has 
emerged as a more reliable indicator of GFR than SCr 

[47]. Produced by all nucleated cells at a constant rate 
and freely filtered by the glomerulus, its levels are far less 
dependent on muscle mass, age, or sex, making it particu-
larly valuable in the pediatric setting [6, 40, 48]. Studies in 
children have shown it can detect changes in GFR earlier 
than SCr and has utility in predicting AKI development 
and severity, though its performance can be influenced by 
factors like inflammation and corticosteroid use [49, 50].

Indicators of cellular stress and inflammation  The uri-
nary product of Tissue Inhibitor of Metalloproteinases-2 
(TIMP-2) and Insulin-like Growth Factor-Binding Pro-
tein 7 (IGFBP7) signals G1 cell cycle arrest and serves as a 
powerful early warning system [6].

The great unmet challenge: from detection to prediction
While many biomarkers excel at early detection, their 
utility in predicting the AKI-to-CKD transition in chil-
dren is less established [13]. Significant challenges hin-
der their translation, including variability in performance 
depending on the pediatric clinical setting (e.g., cardiac 
surgery vs. sepsis), a lack of standardized pediatric-spe-
cific assays and cutoff values, and confounding factors 
like UTIs [45, 51–53].

For a biomarker to be transformative, it must provide 
actionable information that improves outcomes, a high 
bar yet to be cleared [45]. An emerging approach sug-
gests the trajectory of a biomarker over time may hold 
more prognostic power than a single measurement [25]. 
The future likely lies with an intelligently selected panel 
of biomarkers [54].

Table 5  Promising biomarkers for predicting AKI-to-CKD transition in children: utility, limitations, and controversies
Biomarker Source Proposed Utility Advantages Limitations/Controversies
Neutrophil Gelatinase-
Associated Lipocalin 
(NGAL) [6]

Urine, 
Plasma

Early AKI detection (esp. post-cardiac surgery, 
CIN); Prediction of AKI severity; Potential 
for predicting AKI-CKD transition (dynamic 
changes)

Very early rise post-injury; 
Relatively stable

Elevated in UTI, sepsis, malignan-
cies without AKI; Variable cutoffs; 
Role in CKD prediction needs more 
validation

Kidney Injury Mol-
ecule-1 (KIM-1) [6]

Urine Early detection of proximal tubular injury; AKI 
diagnosis and severity assessment; Potential 
marker of maladaptive repair

Specific for proximal tubular 
injury; Stable in urine

Primarily reflects tubular injury, not 
GFR; Validation for CKD prediction 
ongoing

Cystatin C [6] Serum, 
Urine

Early detection of GFR changes; AKI diagno-
sis, especially where SCr is unreliable (e.g., low 
muscle mass)

Less influenced by muscle 
mass than SCr; Reflects GFR

Influenced by thyroid function, in-
flammation, corticosteroids; Urinary 
Cystatin C less established; Cost

Interleukin-18 (IL-18) 
[6]

Urine Marker of acute tubular inflammation and 
injury

Reflects inflammatory com-
ponent of AKI

Not specific to kidney (produced by 
other cells); Short half-life; Variable 
performance

Cell Cycle Arrest Mark-
ers [6]

Urine Early risk assessment for moderate-severe AKI 
(cell cycle arrest)

Predicts AKI development 
within 12–24 h; Reflects cel-
lular stress

Performance may vary by AKI etiol-
ogy; Less data on CKD prediction 
in children

Liver-type Fatty 
Acid-Binding Protein 
(L-FABP) [6]

Urine Early marker of tubular stress/injury 
(ischemic/oxidative)

Reflects tubular response to 
hypoxia/oxidative stress

Limited pediatric data compared to 
NGAL/KIM-1; Specificity concerns

Panel/Multiple Bio-
markers [54]

Urine, 
Plasma

Improved diagnostic/prognostic accuracy by 
reflecting diverse injury pathways

More comprehensive assess-
ment of kidney status

Complexity of interpretation; Cost; 
Need for validated algorithms
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Long-Term surveillance: rationale and challenges
Rationale for surveillance
The established link between pediatric acute kidney 
injury and subsequent chronic kidney disease creates a 
clear imperative for long-term surveillance [20]. This vig-
ilance allows for the timely implementation of renopro-
tective strategies, such as blood pressure and proteinuria 
management, to slow disease progression [55].

Guidelines and Follow-up models
Despite this imperative, specific evidence-based guide-
lines for the long-term follow-up of all pediatric AKI 
survivors are lacking [56]. However, consensus state-
ments and expert recommendations are emerging for 
specific high-risk populations, such as graduates of the 
neonatal ICU [57]. Clinicians currently rely on a mosaic 
of recommendations, many extrapolated from adult data. 
For instance, UK guidelines recommend specialist refer-
ral for severe AKI or persistent abnormalities [58], while 
some institutions utilize risk-stratified models based on 
nephrotoxic exposures, similar to those used in post-
cancer care [59]. The optimal frequency and duration of 
follow-up remain unsettled. While some data suggest risk 
diminishes after one year in stable patients, other stud-
ies report CKD manifestation more than five years post-
AKI [25, 56], underscoring the need for improved risk 
stratification.

A major challenge is the gap between recommenda-
tion and practice. One study found that while only 18% 
of pediatric ICU survivors with AKI saw a nephrolo-
gist, 95% had contact with a primary care provider 
(PCP) within a year [60]. This highlights the potential of 
empowering PCPs with clear protocols. Multidisciplinary 
post-AKI clinics offer a promising, comprehensive 
model, but implementation can be challenging. Evidence 
from adult populations suggests that resource-intensive 
follow-up does not always improve outcomes, necessitat-
ing efficient, risk-based approaches [61, 62]. A summary 
of selected recommendations is in Table 6.

Therapeutic strategies to prevent the AKI-to-CKD 
transition
Barriers to translation
Translating preclinical discoveries into effective therapies 
for preventing the AKI-to-CKD transition has proven 
challenging [63]. Key barriers include the clinical hetero-
geneity of AKI syndrome, where targeting a single path-
way may be insufficient, and the limitations of preclinical 
animal models, which often fail to replicate the chronic-
ity and complexity of human disease [63]. This is partic-
ularly true for pediatrics, as standard preclinical animal 
models do not account for the unique physiology of the 
developing kidney. The lack of validated biomarkers to 
track disease progression further complicates clinical 
trial design [63].

Table 6  Summary of selected Long-Term surveillance recommendations for pediatric AKI survivors
Guideline Source/Group Target 

Population
Recommended Follow-up Timing 
(Initial & Ongoing)

Key Monitoring Parameters Referral Criteria to 
Nephrology

British Association of Pae-
diatric Nephrology (BAPN) 
/ UK Renal Association [58]

Children post-AKI Initial assessment ~ 3 months post-AKI. 
Duration/frequency depends on risk.

SCr (for eGFR), urine for pro-
teinuria, and blood pressure.

AKI requiring dialysis; 
Persistent proteinuria 
or eGFR < 90 mL/
min/1.73m2 at 3 months.

Children’s Mercy Hospital 
(Institutional Example)

Children post-AKI Within 3 weeks if AKI unresolved at dis-
charge; within 3 months if AKI resolved. 
Frequency thereafter based on risk/
findings.

SCr (for eGFR - CKiD U25 
equation), blood pressure 
(age/height percentiles), 
and random urine protein. 
Counseling on nephrotoxins 
and hydration.

Hypertension; Protein-
uria ≥ 1+; eGFR < 90% of 
baseline/normal.

International Late Effects 
of Childhood Cancer 
Guideline Harmonization 
Group (IGHG) [59]

Childhood, adoles-
cent, young adult 
cancer survivors 
with nephrotoxic 
exposures (e.g., 
ifosfamide, cispla-
tin, RTx)

Glomerular dysfunction: Every 2–5 years. 
Tubular dysfunction: Once at entry to 
LFU, then as clinically indicated.

eGFR (SCr, consider Cystatin 
C), urinalysis, electrolytes (for 
tubular dysfunction).

Based on findings (e.g., 
significantly reduced 
eGFR, persistent 
proteinuria).

American Society of 
Nephrology (ASN) - AKI-D 
Guidance Focus

Patients (incl. 
pediatric) with 
dialysis-requiring 
AKI (AKI-D) in out-
patient setting

Focus on monitoring for recovery dur-
ing AKI-D phase. Weekly assessment of 
endogenous kidney function, 12–24 h 
urine collections.

SCr, UO, electrolytes, volume 
status, BP, medication review.

Primarily for manage-
ment during AKI-D; 
transition to CKD care if 
no recovery.

General Principles from 
Literature [56]

All pediatric 
AKI survivors, 
risk-stratified

Initial follow-up within 1–3 months. 
Duration and frequency highly debated 
(e.g., 1 year if stable vs. >5 years for high 
risk).

Blood pressure, urinalysis 
(proteinuria/albuminuria), 
eGFR, growth (infants).

Persistent abnormalities 
in BP, proteinuria, and 
eGFR.
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Emerging therapeutic targets
Despite these challenges, research is exploring several 
strategies targeting maladaptive repair pathways. These 
include anti-fibrotic agents that inhibit key regulators like 
TGF-β; senolytics to clear senescent tubular epithelial 
cells and their pro-inflammatory secretome, though their 
use in growing children requires rigorous safety evalua-
tion [26]; epigenetic modulators, such as DNA methyl-
transferase (DNMT) and histone deacetylase (HDAC) 
inhibitors, to reverse pro-fibrotic cellular memory [26, 
64]; and inhibitors of specific signaling pathways, like 
c-Jun N-terminal kinase (JNK) or Activator Protein-1 
(AP-1), that are persistently activated after injury [26, 63].

Pediatric research imperatives
Currently, no therapies are approved to prevent the 
AKI-to-CKD transition in any population [63]. A signifi-
cant hurdle is the dual role of many signaling pathways, 
where an ill-timed intervention could disrupt beneficial 
acute repair processes [34, 63]. Critically, most mechanis-
tic knowledge is extrapolated from adult models, which 
may not be applicable to the developing kidney [2]. A 
dedicated research agenda for pediatric AKI is therefore 

essential. Future priorities (summarized in Table  7) 
include developing pediatric-specific preclinical models, 
validating biomarkers to predict CKD transition, design-
ing targeted therapies for high-risk children, and defining 
optimal long-term surveillance strategies for this growing 
population of survivors [1, 13, 21, 56, 63].

Conclusions
Pediatric AKI can no longer be regarded as a transient, 
self-resolving condition. It must be recognized as a for-
midable global health issue, a sentinel event that casts a 
long shadow over the future of a child’s health. The evi-
dence is now unequivocal: an episode of AKI in child-
hood, regardless of whether serum creatinine returns to 
a seemingly normal baseline, fundamentally increases the 
risk for the subsequent development of CKD, hyperten-
sion, and a host of adverse renal and cardiovascular out-
comes. This review has charted the profound paradigm 
shift in our understanding of pediatric AKI, recasting it 
as a critical juncture that can initiate an inexorable trajec-
tory towards lifelong kidney impairment, with particu-
larly severe consequences for the vulnerable neonatal and 
preterm infant populations.

Table 7  Key research gaps and future research priorities in pediatric AKI-to-CKD transition
Research Area Specific Gap/Question Potential Research Approach/Priority
Pediatric-Specific Patho-
physiology [2]

How do maladaptive repair mechanisms (fibrosis, senescence, inflam-
mation, epigenetics) differ in the developing vs. mature kidney? Are 
there unique pediatric pathways?

Develop and utilize age-appropriate pediatric 
animal models of AKI-CKD; Comparative -omics 
studies (pediatric vs. adult); Studies on the impact 
of AKI on nephrogenesis and kidney growth.

Risk Stratification [56] How to accurately identify children at highest risk for CKD progression 
post-AKI? Beyond AKI severity, what are the key predictors?

Develop and validate pediatric-specific risk scores 
incorporating clinical data (AKI etiology/severity, 
age, comorbidities), novel biomarkers, genetic 
markers, and early recovery trajectory.

Biomarker Validation & 
Implementation [13]

Which novel biomarkers (or panels) reliably predict AKI-to-CKD transi-
tion in diverse pediatric AKI populations? How can they be integrated 
into clinical practice to guide management?

Large-scale, prospective, multicenter validation 
studies of biomarkers for long-term prognostica-
tion; Studies assessing clinical utility (impact on 
decisions/outcomes); Standardization of assays.

Targeted Therapeutics 
[63]

What are effective and safe therapies to interrupt maladaptive repair 
and prevent/slow AKI-to-CKD progression in children?

Preclinical testing of agents targeting fibrosis, 
senescence, epigenetic changes, specific signaling 
pathways (TGF-β, Wnt, Notch, AP-1, JNK) in pediatric 
models; Phase I/II clinical trials in high-risk children.

Optimizing Surveillance 
Strategies [21]

What is the optimal frequency, duration, and panel of monitoring 
parameters for long-term surveillance of different risk groups of pedi-
atric AKI survivors? Cost-effectiveness?

Prospective, randomized controlled trials compar-
ing different surveillance strategies; Cost-effec-
tiveness analyses; Studies incorporating patient/
family-reported outcomes and preferences.

Neonatal AKI Long-
Term Impact [1]

What are the very long-term (into adulthood) renal, cardiovascular, 
and overall health consequences of neonatal AKI, especially in pre-
term infants with altered nephron endowment?

Long-term cohort studies following neonatal AKI 
survivors into adulthood; Mechanistic studies on 
how early life AKI programs later disease.

Understanding Devel-
opmental Differences in 
Repair [3]

How do immature renal cells respond differently to injury signals 
compared to adult cells? How does this impact the trajectory of repair 
and susceptibility to maladaptation?

In vitro studies using pediatric kidney cells/organ-
oids; Comparative studies in neonatal vs. juvenile vs. 
adult animal models.

Interventional Trials for 
Prevention [63]

Can specific interventions (pharmacological, care bundles, nutritional 
support) during or immediately after AKI reduce the risk of subse-
quent CKD in high-risk pediatric populations?

Randomized controlled trials of preventative strate-
gies in children at high risk for AKI or for AKI-to-CKD 
progression.

Role of Primary Care in 
Surveillance

How can primary care providers be effectively engaged and sup-
ported in the long-term surveillance of pediatric AKI survivors?

Development and evaluation of PCP-friendly guide-
lines, educational tools, and shared-care models 
with specialist centers.
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The transition from acute injury to chronic disease is 
propelled by a complex and pernicious process of mal-
adaptive renal repair. The kidney’s healing response 
becomes derailed, caught in a self-perpetuating cycle of 
persistent inflammation, endothelial dysfunction, and 
aberrant tubular epithelial cell behavior, including G2/M 
cell-cycle arrest and the damaging secretions of senes-
cent cells. This cellular pathology is orchestrated by dys-
regulated molecular signals—including TGF-β, Wnt, and 
Notch—and locked in by lasting epigenetic modifications 
that create a pro-fibrotic memory of the initial injury. 
When these processes unfold within the delicate and 
dynamic environment of a developing pediatric kidney 
where nephrogenesis may still be incomplete, the conse-
quences are particularly devastating, culminating in pro-
gressive interstitial fibrosis and permanent nephron loss.

This new understanding creates an urgent and cur-
rently unmet need for robust, evidence-based, and intelli-
gently risk-stratified long-term surveillance programs for 
every child who survives an AKI episode. Such programs 
represent our best opportunity to detect the early signs 
of CKD and deploy interventions that can slow its pro-
gression. Yet, the implementation of such essential care is 
crippled by significant barriers, most notably alarmingly 
low rates of specialist follow-up and the lack of univer-
sally accepted, pediatric-specific guidelines.

The overarching theme that emerges is the need for a 
fundamental shift in the clinical mindset. This requires a 
concerted effort to enhance education for the full spec-
trum of healthcare providers—from intensive care spe-
cialists to primary care physicians—who manage the 
long-term health of these children. It also demands sys-
temic improvements to our healthcare infrastructure to 
ensure that AKI survivors are tracked and receive appro-
priate, individualized follow-up care.

To secure a better future for these vulnerable patients, 
a collaborative and focused research effort is paramount. 
This research must prioritize pediatric-specific investi-
gations into the mechanisms of maladaptive repair, the 
validation of biomarkers that can accurately predict the 
transition to CKD, the development of targeted therapies 
specifically designed to be safe and effective in the devel-
oping kidney, and the optimization of sustainable and 
effective long-term surveillance strategies. By dedicating 
ourselves to these critical tasks, the medical and scientific 
community can aspire to meaningfully improve the renal 
and overall health outcomes for the growing number of 
children scarred by acute kidney injury.
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