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ABSTRACT

Acute kidney injury (AKI) remains a substantial clinical challenge, affecting approximately half of all
critically ill patients and is associated with a high risk of mortality, need for dialysis, and progression to
chronic kidney disease (CKD). Traditional diagnostic methods, which rely on urine output and serum
creatinine (sCr), are non-specific and delayed, thus missing the crucial window for early intervention.
New urine and plasma biomarkers, such as neutrophil gelatinase-associated lipocalin (NGAL), kidney
injury molecule-1 (KIM-1), liver-type fatty acid-binding protein (L-FABP), interleukin-18 (IL-18), tissue
inhibitor of metalloproteinase-2, insulin-like growth factor-binding protein 7 ([TIMP-2] x [IGFBP7]),
and G-C motif chemokine ligand 14 (CCL14), have become effective tools for risk assessment
and early detection over the past decade. With diagnostic accuracy superior to creatinine, these
biomarkers allow for the identification of AKI within 2 to 12 hours, as they represent tubular stress,
damage, and healing processes. Multi-marker panels further enhance diagnostic performance,
particularly in complex clinical scenarios such as sepsis and heart surgery. Etiology-specific biomarker
patterns are now well-delineated: minimal elevations in prerenal conditions may guide safe fluid
management, whereas sustained increases in intrinsic AKI suggest poor recovery and may necessitate
renal replacement therapy (RRT). Biomarker-guided interventions have been shown to reduce the
incidence of severe AKI by 15% to 30% in high-risk populations. Emerging biomarker types that
have the potential to improve early detection and prognosis accuracy include filtration surrogates,
oxidative stress indicators, microRNAs (e.g., miR-21, exosomal panels), and inflammation/repair
biomarkers. Despite these advancements, difficulties remain, including inconsistencies in testing,
high costs, limited data on juvenile and postrenal AKI, and a “clinical action gap” where biomarker
findings have not been reliably linked to evidence-based therapies. The integration of artificial
intelligence with point-of-care diagnostics has significant potential for future clinical applications.
This review consolidates current data to illustrate how emerging biomarkers are transforming the
treatment of AKI from a reactive diagnosis to a proactive, precision-oriented strategy.

Key words: Acute kidney injury, biomarkers, NGAL, TIMP-2, IGFBP7, prognosis, precision medicine,
artificial intelligence
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INTRODUCTION

Acute kidney injury (AKI) is a critical condition marked by a
swift deterioration in renal function, impacting 20% to 50%
of hospitalized individuals and exceeding 50% of admissions
to intensive care units (ICUs). [1,2] Etiologies include prerenal
factors (e.g., hypovolemia, sepsis), intrinsic factors (e.g., acute
tubular necrosis [ATN], nephrotoxin exposure), and postrenal
factors (e.g., obstructive uropathy), all necessitating timely
diagnosis to reduce negative outcomes such as mortality,
renal replacement therapy (RRT), and progression to chronic
kidney disease (CKD). [3] Conventional AKI diagnosis
depends on serum creatinine (SCr) levels and urine output,
which are delayed by 24 to 48 hours following the onset of
injury and are insufficient for identifying subclinical damage.
[4] The diagnostic delay hinders early intervention, resulting
in mortality rates of 20% to 25% in severe cases and long-
term renal dysfunction in up to 30% of survivors. [1,5]

Recent advancements in AKI diagnostics have been marked
by the introduction of novel biomarkers that indicate tubular
damage, such as neutrophil gelatinase-associated lipocalin
(NGAL), kidney injury molecule-1 (KIM-1), tissue inhibitor
of metalloproteinase-2/insulin-like growth factor-binding
protein 7 ([TIMP-2] x [IGFBP7]), liver-type fatty acid-binding
protein (L-FABP), interleukin-18 (IL-18), and CC motif
chemokine ligand 14 (CCL14). [6] Markers indicating tubular
damage, cell cycle arrest, or inflammation enable detection
within hours post-injury, with area under the curve (AUC)
values frequently surpassing 0.80 to 0.95 in high-risk contexts
such as cardiac surgery and sepsis. [7,8] According to Kidney
Disease: Improving Global Outcomes (KDIGO) guidelines,
these markers provide prognostic insights that guide
precision interventions by predicting the need for RRT, the
persistence of AKI, and the progression to CKD, in addition
to early diagnosis. [9] With AUC values of 0.95 for the early
identification of AKI, recent meta-analyses have shown that
multi-biomarker panels provide improved sensitivity and
specificity compared to SCr alone. [8,10]

This review, utilizing data from recent clinical trials published
between September 2022 and September 2025, examines the
diagnostic characteristics of emerging biomarkers and their
impact on outcomes in prerenal, intrinsic, and postrenal AKI
etiologies. This review examines the diagnostic characteristics of
emerging biomarkers and their impact on outcomes across AKI
etiologies. However, a major translational challenge persists:
the “clinical action gap,” where biomarker identification of
high-risk patients has not yet been reliably linked to evidence-
based therapeutic interventions. Clarifying this gap and
exploring pathways to bridge it are essential for realizing the
promise of a proactive, precision-oriented strategy in AKl care.

The evidence for this review was gathered through searches
of PubMed, EMBASE, Scopus, and Google Scholar utilizing
terms such as AKI, NGAL, KIM-1, TIMP-2, IGFBP7, L-FABP, IL-
18, CCL14, prerenal, intrinsic, postrenal, prognostic roles of
AKI biomarkers, AKI progression to CKD biomarkers, and AKI
marker and RRT.

DIAGNOSTIC PROFILES OF NOVEL BIOMARKERS FOR AKI

The predictivevalue of SCrand urine outputislimited by delayed
rise, limited specificity, and the inability to identify subclinical

impairment, which has necessitated the development
of innovative biomarkers that reflect pathophysiological
mechanisms in AKI. [4,11] Markers measured in urine or
plasma indicate tubular stress, damage, inflammation, or cell
cycle arrest shortly after an insult, enabling risk stratification
before any observable functional decline. [12] By 2025,
meta-analyses of more than 100 studies have confirmed
NGAL, KIM-1, [TIMP-2] x [IGFBP7], L-FABP, IL-18, and CCL14
as highly reliable biomarkers. Meanwhile, proenkephalin A
(PENK) and dickkopf-3 (DKK3) are emerging as important
indicators. [8,10,13] These biomarkers reflect distinct, early
pathophysiological pathways. NGAL, upregulated in tubular
cells after injury, is a very early marker, with levels rising in
urine or plasma within 2 to 6 hours. [7,14]

KIM-1, a proximal tubule transmembrane glycoprotein,
signifies dedifferentiation and repair, peaking at 12 to 24
hours. [15] The cell cycle arrest biomarkers tissue inhibitor of
metalloproteinase-2 (TIMP-2) and insulin-like growth factor-
binding protein 7 (IGFBP7) indicate G1-phase arrest due to
cellular stress and are used as a combined product ([TIMP-2]
x [IGFBP7]). [16] L-FABP is expressed during proximal tubular
ischemia, [17] while IL-18 is a pro-inflammatory cytokine
released from injured tubules. [18] C-C motif chemokine
ligand 14 (CCL14) is produced in high levels in sustained
inflammation and is a prognostic marker for persistent AKI.
[19] Furthermore, it is a prognostic marker for persistent AKI
(248 hours), and its optimal cutoff is 213 ng/mL. [19] The
pooled diagnostic characteristics of these biomarkers are
summarized in Table 1.

Multi-biomarker panels enhance diagnostic accuracy
considerably. The integration of NGAL, KIM-1, and IL-
18 results in AUCs surpassing 0.90-0.95, improving net
reclassification by 20% to 32% relative to SCr alone. [10] The
integration of machine learning with [TIMP-2] x [IGFBP7] and
clinical variables enhances risk prediction, resulting in an AUC
of 0.91 to 0.94. [20] Serial monitoring improves temporal
resolution: increasing levels of NGAL or CCL14 signify disease
progression, whereas declining levels of KIM-1 or L-FABP
indicate recovery. [21]

The Lack of Standardization and Practical Constraints

Despite the persuasive diagnostic and prognostic capabilities
showninTable 1, a major obstacle to widespread clinical use is
the absence of test standardization. Commercially accessible
platforms for important biomarkers such as NGAL, [TIMP-2] x
[IGFBP7], and CCL14 may have inter-laboratory coefficients
of variation of 20% to 30%. [22,23] This heterogeneity
complicates the creation of universal clinical cutoffs,
necessitating that reference values and interpretations be
tailored to the individual test and demographic context,
particularly in patients with pre-existing CKD, where baseline
levels of KIM-1 may be increased. [24] To address this
critical barrier, global standardization efforts are underway.
The Acute Disease Quality Initiative (ADQI) has published
consensus recommendations on AKI biomarker use and
validation. [6] Furthermore, a collaborative Biomarker
Standardization Initiative is in development, aiming to unify
assay calibration, establish universal reference materials, and
define context-specific cutoffs across different platforms and
populations.
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Table 1: Diagnostic performance of key and emerging AKI biomarkers (Pooled 2024-2025 data).

Biomarker Samble Mechanistic class Timeto |Typical AUC | Representative Sensitivity/
(abbreviation) P peak (h) | (range) cutoff* specificity (range)
Neutrophil Urine /plasma  Tubular injury/stress 2-6 0.78-0.93  >150 ng/mL (u) 70-85%/60-85%
gelatinase-
associated
lipocalin
(NGAL)
Kidney injury Urine Tubular injury/repair 12-24 1 0.70-0.92  >2.0ng/mL (u) 70-85%/75-88%
molecule-1
(KIM-1)
[TIMP-2] x Urine Cell cycle arrest 6-12 0.80-0.93  >0.3 (ng/mL)*/1000 70-89%/75-95%
[IGFBP7]
Liver-type fatty JUILIS Tubular stress (ischemic) | 4-12 0.78-0.88  >20pug/gCr 75-90%/70-80%
acid-binding
protein (L-FABP)
Interleukin-18  JUIiLH1S Inflammation 6-12 0.75-0.87  >100 pg/mL 65-80%/70-85%
(IL-18)
C-C motif Urine Inflammation/chemokine | 12-24  0.81-0.84 213 ng/mL 81-91%/71-93%
chemokine
ligand 14
(CCL14)
Urine Filtration surrogate 0-12 ~0.86 >0.3 mg/L =
Proenkephalin™ BxsNaylel Filtration surrogate 0-6 >0.80 >80 pmol/L -
A (PENK)
Superoxide Urine Oxidative stress 6-12 ~0.85 >100 U/g Cr =
dismutase 1
(SOD1)
MicroRNA-21 Plasma/urine | Epigenetic regulation 2-12 >0.80 Fold-change >2.0 -

(miR-21)
u: urinary concentration; Cr: creatinine.

Representative cutoff: cutoff values are assay- and context-dependent. The values provided are representative examples from recent literature;
clinical application requires validation for specific patient populations and available assays.

*Sensitivity/specificity ranges and AUC values are pooled estimates from recent meta-analyses and cohort studies. [8,10,13] Data for emerging
biomarkers (e.g., SOD1, miR-21) are based on smaller, promising studies.

Emerging Mechanistic Classes of AKI Biomarkers Biomarkers of Oxidative Stress

In addition to recognized indicators of tubular injury and cell- Biomarkers of oxidative stress measure the imbalance
cycle arrest, various other pathophysiological markers have between ROS production and antioxidant defenses. ROS,
been identified as potential early diagnostic and prognostic produced during events like ischemia-reperfusion, provides
tools, as detailed by Yang et al. [10] early insight into injury severity and potential reversibility with

antioxidant therapy. [10]
Biomarkers of Renal Tubular Filtration
e Superoxide Dismutase 1 (SOD1):

* GCystatin C (CysC) and Proenkephalin A — Urinary SOD1: Indicates intracellular release

(PENK): CysC and PENK function as real-time from damaged proximal tubular cells. In
indicators of glomerular filtration, independent of cardiothoracic surgery patients, urinary SODI1
muscle mass. Urinary CysC levels increase within O levels rise within 6 to 12 hours and predict AKI
to 12 hours following cardiac surgery (AUC: 0.86). with an AUC of 0.85, outperforming NGAL in
In contrast, high plasma PENK levels are associated some cohorts. [10]

with a doubling of the risk of AKI for each logarithmic

—  Erythrocyte SOD1 activity: A systemic marker
increase in sepsis and heart failure cohorts. [10] y y y y \

of antioxidant capacity. In septic shock, low

e  Clinical utility: They enable enhanced preoperative erythrocyte SOD1 activity (<3.32 U/mg Hb)
risk stratification (eGFR-CysC <90 mL/min/1.73 at ICU admission independently predicts AKI
m?) and early detection in sarcopenic and elderly development (AUC: 0.69) and identifies patients
patients. at risk for persistent kidney failure. [10]
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e  Clinical implication: Dual measurement (elevated
urinary SOD1 + decreased erythrocyte SOD1
activity) signals both local tubular injury and systemic
oxidative collapse, potentially guiding early initiation
of antioxidant strategies (e.g., N-acetylcysteine,
vitamins C and E) in high-risk surgical or septic

patients.
MicroRNAs (miRNAs)
e Serum miR-21 and exosomal miR-

210/320/184/6766-3p levels increase within hours
in ischemic, septic, and contrast-induced AKI. [10]

e Advantages: They are stable in biofluids, amenable
to multiplexing, and have potential as anti-miR
therapeutics.

Biomarkers of Renal Inflammation and Repair

A spectrum of cytokines, chemokines, and growth factors
captures the transition from injury to resolution.

Integration: CCL14 and CXCL9 are FDA-cleared; multi-marker
inflammation scores outperform single analytes in pediatric
and transplant cohorts.

Despite strong performance, challenges persist. Cutoff values
differ based on assay, population, and comorbid conditions;
systemic inflammation complicates the interpretation of
NGAL in sepsis, whereas baseline CKD increases KIM-1
levels. Standardization efforts, including the development of
point-of-care platforms, are in progress to enable real-time
application. [25] These biomarkers have shifted the diagnosis
of AKI from an emphasis on functional loss to a focus on
molecular injury, facilitating etiology-specific applications
(Table 2).

ETIOLOGY-SPECIFIC APPLICATIONS AND PROGNOSTIC
IMPACTS

The varied pathophysiology of AKI, which includes prerenal
hypoperfusion, intrinsic parenchymal damage, and postrenal
obstruction, necessitates etiology-specific analysis of
biomarkers. [3] Functional markers, such as SCr, exhibit
uniform increases, whereas novel damage and stress
biomarkers display varying kinetics: minimal in pure prerenal
conditions, significant in intrinsic injury, and inconsistent in
obstruction-induced AKI. [25] This differential expression
enables subphenotyping, risk stratification, and precision

Table 2: Inflammation/repair biomarkers.

therapy, carrying prognostic implications for mortality, RRT,
persistent AKI, and progression to CKD. [26,27]

Prerenal AKI: Functional Stress and Reversible Injury

Prerenal AKI constitutes 40% to 60% of cases and is
associated with conditions such as hypovolemia, heart failure,
sepsis-induced underperfusion, and hepatorenal syndrome.
It is defined by diminished renal perfusion in the absence of
structural damage. [28] Novel biomarkers of tubular damage
are generally low or only temporarily elevated in reversible
cases, assisting in the differentiation from intrinsic AKI. [29]
For instance, a urinary NGAL/creatinine ratio below 194 to
220 ug/qg is predictive of terlipressin efficacy in patients with
liver cirrhosis and AKI hepatorenal syndrome. [30] A [TIMP-
2]x[IGFBP7] value exceeding 0.3 (ng/mL)?/1000 during fluid
resuscitation signifies progression to intrinsic damage (AUC:
0.87), providing insights into decongestion safety in heart
failure. [31] On the other hand, L-FABP and soluble urokinase
plasminogen activator receptor (suPAR) are predictive
markers for transient acute AKI during diuresis, with no
associated increase in mortality. [32]

Low levels of baseline damage markers, such as NGAL and
KIM-1, indicate a greater than 90% probability of complete
recovery within 48 hours. [33] Their sustained elevation,
despite hemodynamic optimization, correlates with a
heightened risk of 30-day readmission (HR: 1.5-2.0) and CKD
(OR: 1.8). [34] In sepsis, plasma PENK levels correlate with
mortality in overt AKI (HR: 2.1), enabling early intervention.

(35]
Intrinsic AKI: Tubular Damage and Inflammation

IntrinsicAKlaccountsfor30%to50%ofcasesandencompasses
ATN due to ischemig, sepsis, or nephrotoxins such as contrast
agents and cisplatin, as well as AIN and glomerulonephritis,
which result in significant biomarker release. [36] NGAL, KIM-
1, and L-FABP levels increase substantially within 2 to 6 hoursin
ATN, exhibiting an AUC of 0.85 to 0.92 compared to prerenal
conditions. Notably, NGAL demonstrates an AUC of 0.82 for
predicting RRT in sepsis-associated ATN. [37] In AIN, IL-9 and
CXCL9 demonstrate an AUC of 0.94 for diagnostic purposes
and predicting corticosteroid response. [38] A CCL14 level of
> 13 ng/mL is a significant predictor of persistent stage 3 AKI
in ICU populations (OR: 10.4). [19]

This has notable prognostic implications, including increased
non-recovery rates (30%-40%) and progression of CKD (HR:

IL-18 Proximal tubule cytokine

IL-9 + TNF-a AIN diagnosis

CCL14 Monocyte recruitment

CXCL9 T-cell infiltration

MCP-1 Tubular-endothelial crosstalk
YKL-40 Macrophage remodeling

HGF Anti-apoptotic (c-Met pathway)

0.77-0.81 Early sepsis AKI

0.84 Corticosteroid response

0.81 Persistent stage 3 AKI (OR 10.4)
0.94 Transplant rejection/AIN

= CKD progression (HR 1.10)
- Reduced DGF in donors
= Mortality prediction on RRT

AIN: acute interstitial nephritis; DGF: delayed graft function; HGF: hepatocyte growth factor.
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1.8-3.2). [39] The upper tertile of NGAL correlates with a
hazard ratio of 2.5 for 90-day mortality, whereas KIM-1 levels
exceeding 2.0 ng/mL are predictive of major adverse kidney
events, demonstrating an area under the curve of 0.88. [40]
Applying biomarkers to guide the avoidance of nephrotoxins
results in a 25% reduction in the severity of AKl in cases of
cisplatin-induced damage. [41]

Postrenal AKI: Obstruction and Recovery Potential

Postrenal AKI (accounting for 5% to 10% of cases), caused
by urinary tract blockage, is mostly detected using imaging
techniques. [42] Biomarkers assist in evaluating the severity
of harm and the likelihood of recovery after the alleviation of
blockage. NGAL and [TIMP-2] x [IGFBP7] exhibit moderate
elevations; when coupled with a furosemide stress test, NGAL
>150 ng/mL and FST output <200 mL/2 h forecast the need
for RRT (AUC: 0.91). [43] Olfactomedin-4 (OLFM4) signifies
furosemide unresponsiveness with 88% specificity. [44]

The prognostic importance is contingent upon the time of
biomarker normalization. Delayed normalization correlates
with a longer hospital stay and advancement to chronic
kidney injury if NGAL exceeds 500 ng/mL at 72 hours post-
relief. [45] Early intervention coupled with reduced CCL14
levels forecasts above 80% recovery (Table 3). [46]

In cirrhosis (a prerenal/ATN overlap), urine calprotectin
(sensitivity 92%) distinguishes intrinsic damage, while NGAL
<220 pg/g indicates recovery in hepatorenal syndrome.
[47] Frameworks, such as LIION, integrate biomarkers with
hemodynamic data to enhance the prediction of vasopressor
response in sepsis, achieving an accuracy of 85%. [48]
Biomarker-guided treatment bundles have shown a 20% to
30% reduction in RRT use across several etiologies. [49]

The differential expression and prognostic implications of
novel biomarkers across prerenal, intrinsic, and postrenal
AKI etiologies underscore their potential to move beyond
simple diagnosis. As demonstrated, these tools can stratify
risk for recovery, dialysis dependency, progression to CKD,
and mortality. The consolidated prognostic performance

of leading biomarkers for these major, patient-centered
clinical endpoints—persistent severe AKI, short-term mortality,
major adverse kidney events, and long-term renal decline—is
summarized in Table 4. This robust and validated predictive
capacity confirms that biomarker-quided risk assessment
is a clinical reality. However, the translation of this precise
predictive power into equally effective, evidence-based
therapeutic action presents the next fundamental challenge
in transforming AKI management from a reactive to a
precision-oriented discipline.

The current, consensus-driven approach to linking biomarker
levels to clinical action is summarized in Table 5. These
thresholds and suggested responses are derived from cohort
studies and expert opinion, reflecting the interim guidance
available while definitive interventional trial evidence is being
generated. [33, 44]

Cutoff values and suggested actions are context-specific and
should be integrated with the full clinical picture. The “Level of
Evidence” is based on current literature as cited.

BRIDGING THE CLINICAL ACTION GAP: FROM PREDICTION
TO INTERVENTION

The establishment of novel AKIbiomarkers with high diagnostic
and prognostic accuracy, as detailed in Sections 2 and 3,
represents a paradigm shift from functional to molecular
diagnostics. However, a critical translational challenge now
defines the frontier of clinical implementation: the clinical
action gap. This gap describes the disconnect between the
robust ability of biomarkers to identify patients at high risk for
severe or persistent AKI and the current lack of standardized,
evidence-based therapeutic protocols triggered by these
biomarker signals. [13,49] While functional markers like SCr
are poor sentinels, they have historically been linked to broad
interventions (e.g., fluid resuscitation, dialysis). In contrast,
modern damage biomarkers offer superior early warning
but have not yet been reliably paired with specific, proven
treatments, leaving clinicians with heightened risk awareness
but unclear management pathways.

Table 3: Etiology-specific diagnostic and prognostic performance of novel biomarkers.

Etiology Key biomarkers AUC (diagnosis)

Prerenal NGAL, [TIMP-2] x
[IGFBP7], L-FABP

LTSNS NGAL, KIM-1, CCL14 1 0.85-0.94

NGAL + FST, OLFM4  0.88-0.91

0.80-0.87

Table 4: Prognostic performance across key outcomes.

Cutoff

NGAL < 220 pg/qg

Recovery
rate

>90% of
transient

Prognostic outcome (OR/HR)

Readmission: HR, 1.5-2.0 [36]

CCL14 213 ng/mL | 90-day mortality: HR, 2.5-3.2 [41] 1 60-70%

NGAL > 150 ng/mL RRT: OR 6.8 [45]
+FST<200mL/2 h relief

>80% if early

Biomarker
CCL14 213 ng/mL

‘ Outcome
Persistent AKI

HR/OR (95% Cl)
OR: 10.4 (6.2-17.5)

Timeframe
48-72 h ICU

Population

[19]

NGAL (Tertile 3) 90-day mortality HR:2.5 (1.8-3.4) Admission Sepsis-ATN [37]
KIM-1>2.0 ng/mL MAKE30 OR:3.8(2.1-6.9) 24 h Cardiac surgery [40]
[TIMP-2] x [IGFBP7] > 0.3 CKD progression HR: 1.8 (1.3-2.5) 1 year AKl survivors [27]

AKI: acute kidney injury; CKD: chronic kidney disease; MAKE30: major adverse kidney events within 30 days.
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Table 5: Summary of clinical biomarker thresholds and associated management actions.

Biomarker Context

NGAL <220 pg/g (Cr)
(HRS)

LA A el A >0.3 (ng/mL)?/1000 | Post-surgery/ICU

213 ng/mL ICU day 1

>2.0ng/mL

Hepatorenal syndrome

During cisplatin therapy

Level of evidence/

Suggested clinical action
consensus

Supports initiation of
terlipressin + albumin
Intensify monitoring, avoid
nephrotoxins, optimize
hemodynamics

Consensus (based on
cohort studies) [33]
Strong (RCT-validated for
risk stratification) [18]

Early nephrology Moderate (validated
consultation for RRT prognostic studies,
planning interventional trials

ongoing) [19]
Consider holding the next Consensus/emerging
dose, ensure hydration, and | (cohort data supporting
monitor closely association) [44]

AKI: acute kidney injury; Cr: creatinine; HRS: hepatorenal syndrome; ICU: intensive care unit; NGAL: neutrophil gelatinase-associated lipocalin; RRT:
renal replacement therapy; [TIMP-2] x [IGFBP7]: tissue inhibitor of metalloproteinase-2 x insulin-like growth factor-binding protein 7.

Defining the Disconnect: Diagnostic Precision versus
Therapeutic Uncertainty

The performance metrics summarized in Tables 1, 3, and 5
demonstrate that biomarkers can predict adverse outcomes—
including progression to severe AKI, need for RRT, and
mortality—with AUC values often exceeding 0.80 and hazard
ratios (HR) or odds ratios (OR) signifying substantial risk.
[8,10,19] Despite this predictive power, a positive biomarker
test does not inherently dictate a subsequent clinical action
with the same level of evidence. This contrasts sharply with
other fields, such as cardiology, where an elevated troponin
level integrates seamlessly into a well-defined diagnostic and
interventional algorithm for acute coronary syndrome. In AKI,
the translation from a biomarker-positive state to a biomarker-
guided intervention remains largely undefined, creating a
barrier to realizing the promise of precision medicine.

lllustrative Examples of the Clinical Action Gap

The reality of this gap is best illustrated by examining specific,
high-performance biomarkers and the clinical uncertainty
that follows their elevation:

e C-C motif chemokine Ligand 14 (CCL14): A urinary
CCL14 level 2 13 ng/mL is a highly specific predictor
of persistent stage 3 AKI, with an OR of 10.4. [19]
This result unequivocally identifies a patient with a
high likelihood of prolonged renal failure. Yet, the
appropriate clinical response remains ambiguous.
Should this biomarker result prompt:

1. Immediate nephrology consultation and pre-
emptive planning for early RRT initiation?

2. A trial of conservative, optimized supportive
care while closely monitoring for traditional
indications for RRT?

3. Enrollment in a clinical trial for a novel

immunomodulatory or repair-promoting agent?

Currently, no consensus or high-level evidence dictates the

choice, rendering this powerful prognostic tool primarily
informative rather than directive.

e Cell «cycle arrest biomarkers  ([TIMP-
2]x[IGFBP7]): An elevated urinary [TIMP-2] x
[IGFBP7] ratio (>0.3 [ng/mL]?/1000) indicates
renal tubular cell cycle arrest due to stress and is a
validated predictor of AKI development within 12 to
24 hours. [16,31] In a patient with hypoperfusion,
a rising ratio signals the transition from prerenal
azotemia to incipient intrinsic injury. However, the
optimal therapeutic response is not standardized.
Should the clinician:

1. Aggressively modify fluid resuscitation strategy
(e.g., switch to balanced crystalloids, initiate
goal-directed therapy)?

2. Immediately discontinue potential nephrotoxins
or diuretics?

3. Simply intensify hemodynamic monitoring
without changing management?

The biomarker pinpoints a moment of renal vulnerability,
but evidence-based guidelines for the next intervention are
lacking. [50]

This gap persists because the biomarker literature is
predominantly composed of diagnostic accuracy and
prognostic association studies. While essential, these studies
do not test whether acting upon the biomarker resultimproves
patient outcomes. The definitive step required is the design
and execution of biomarker-stratified interventional trials,
where a specific biomarker threshold randomizes patients to
different, protocolized management strategies.

Current Efforts and the Path Forward

Initial efforts to bridge this gap have focused on biomarker-
guided care bundles. Trials such as PrevAKI and BigpAK, which
used [TIMP-2]x[IGFBP7] to trigger a bundle of supportive
measures (e.g.,, hemodynamic optimization, avoidance
of nephrotoxins), have demonstrated feasibility and a
15% to 30% relative reduction in moderate-severe AKI in
targeted surgical populations. [49] However, the benefits in
heterogeneous ICU populations have been more modest,
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and these bundles often represent optimized standard
care rather than novel, biomarker-specific therapies. [49]
The next generation of trials must move beyond generic
bundles to evaluate etiology-specific and biomarker-targeted
interventions. For example, a trial could randomize patients
with septic AKI and high CCL14 to early versus standard RRT
initiation, or those with elevated NGAL during cisplatin therapy
to a protocol of hyperhydration plus novel cytoprotectants
versus standard hydration alone.

Addressing this complexity—integrating multi-marker panels,
serial measurements, dynamic clinical variables, and patient
subphenotypes to generate actionable, real-time decisions—
is a formidable challenge. It requires moving from static
risk prediction to dynamic clinical decision support. This
complexity sets the stage for the next critical advancement:
the application of artificial intelligence (Al) and machine
learning to synthesize this multidimensional data and directly
assist in bridging the clinical action gap.

DISCUSSION: OVERCOMING REMAINING HURDLES FOR
BIOMARKER INTEGRATION

The preceding analysis underscores thata central translational
challenge obstructs the pathway from biomarker discovery to
improved clinical outcomes: the “clinical action gap.” Bridging
this gap through biomarker-stratified trials and intelligent
clinical decision support, as outlined, is the definitive next
step. However, the success of this endeavor is inextricably
linked to overcoming a suite of persistent logistical, economic,
and evidence-based hurdles that currently constrain even the
widespread diagnostic application of these novel tools.

Foundational Barriers

Standardization, Interpretation, and Workflow
Integration

A major impediment to both research and routine care is
the lack of assay standardization. Commercial platforms
for key biomarkers such as NGAL, [TIMP-2] x [IGFBP7], and
CCL14 can exhibit inter-laboratory coefficients of variation
of 20% to 30%, confounding the establishment of universal
diagnostic and prognostic cutoffs. [13,22] This heterogeneity
necessitates context- and assay-specific reference ranges, a
requirement further complicated by patient-specific factors.
For instance, systemic inflammation in sepsis elevates NGAL
independently of renal damage, reducing specificity, while
CKD elevates baseline KIM-1 levels, diminishing its dynamic
range for acute injury. [23,24] Translating biomarker signals
into action within the clinical workflow presents another
layer of complexity. Integration with electronic health
records (EHRs) and clinical decision support systems remains
nascent, with fewer than 10% of centers routinely employing
biomarkers outside research protocols. [55] The development
of rapid, point-of-care platforms is progressing, with the
[TIMP-2] x [IGFBP7] test being a notable FDA-cleared
example; [51] however, scalable systems for other biomarkers
like NGAL and CCL14 are still under development. Global
standardization initiatives, such as those proposed by the
Acute Disease Quality Initiative (ADQI), are critical to unify
assays, establish reference materials, and enable the multi-
center trials required to close the action gap. [6]

Economic and Equity Imperatives

The cost-effectiveness of biomarker-guided care is a pivotal
consideration for health systems. While interventions based
on [TIMP-2] x [IGFBP7] have reduced severe AKl in targeted
surgical cohorts, the incremental cost per quality-adjusted
life year may be prohibitive in general, unselected ICU
populations, with estimates potentially exceeding $50,000.
[54] Comprehensive cost-utility analyses that account for
long-term benefits, such as the prevention of CKD, are urgently
needed. Equally critical is the issue of equitable access. The
burden of AKI is highest in low-resource settings, where
mortality rates can surpass 50%, yet access to advanced
biomarker testing is most limited. [1,22] This disparity risks
widening global health inequities. Promising developments
in microfluidic and smartphone-based assay technologies
aim to deliver low-cost, point-of-care testing, which could
democratize access and enable biomarker-quided care in
diverse healthcare environments. [52]

Evidence Gaps and Inclusivity in Future Research

Substantial evidential deficiencies must be addressed to
ensure biomarker utility across the entire AKI spectrum.
Key populations remain underrepresented: postrenal
(obstructive) AKI constitutes fewer than 5% of validation
cohorts, leaving the dynamics of biomarker release and
recovery after obstruction relief poorly defined. [45] Pediatric
data, while robust for NGAL post-cardiac surgery, are lacking
for multi-marker panels in sepsis or nephrotoxin exposure.
[56] Long-term prognostic validation (>1 year) for emerging
markers of oxidative stress (e.g.,, SOD1), microRNAs, and
repair (e.g., YKL-40, HGF) is limited, particularly in non-
Caucasian demographics. [10] Future research must be
deliberately inclusive, targeting these populations to ensure
that the precision medicine paradigm does not exacerbate
existing evidence gaps but rather benefits all patient groups.

Synthesis and Integrated Future Pathways

The integration of Al, as discussed in Section 5, presents a
powerful solution to synthesize multi-marker data, clarify
etiology, and generate explainable clinical recommendations,
directly addressing the complexity that underpins the action
gap. However, the full potential of this integration can only
be realized within a supportive ecosystem. This ecosystem
requires: (1) International standardization of assays and
cutoffs through initiatives like the proposed Biomarker
Standardization Initiative; (2) Targeted, inclusive research that
fills evidence gaps in special populations and focuses on
biomarker-guided therapeutic trials; (3) Development
of cost-effective, equitable point-of-care technologies to
ensure global applicability; and (4) Optimized regulatory
pathways for the evaluation and approval of multi-marker
panels and Al-augmented diagnostic tools. The convergence
of these elements will transition AKI care from a reactive
model anchored by SCr to a proactive, precision-oriented
strategy where molecular diagnosis seamlessly informs timely,
effective intervention, ultimately preserving renal function
and improving long-term survival.

The incorporation of new biomarkers in AKI management
signifies a significant transition from functional to molecular
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diagnostics. However, their ultimate clinical impact is still under
continuous assessment. Meta-analyses indicate improved
early detection (AUC: 0.80-0.95) and prognostic stratification
across various etiologies; nonetheless, the extent of outcome
enhancement in unselected populations is often modest.
Randomized trials such as PrevAKI and BigpAK indicate a 15% to
30% reduction in severe AKl among high-risk surgical patients. At
the same time, the benefits observed in general ICU populations
are less pronounced and occasionally non-significant. [49] This
discrepancy highlights a core challenge: biomarkers suggest risk
but do not inherently determine therapy. Without standardized,
evidence-based response protocols similar to troponin-guided
algorithms in acute coronary syndrome, their application
remains primarily limited to risk prediction.

A second area of debate pertains to subphenotyping.
Prerenal, intrinsic, and postrenal AKI should be viewed as a
continuum rather than as separate categories. Low NGAL
levels in hypovolemia may suggest reversible stress; however,
comparable levels in early sepsis could obscure the onset of
ATN. [48] Frameworks such as LIION and the furosemide
stress test seek to tackle this issue; however, they necessitate
prospective validation. [48] The association of persistent
CCL14 elevation with non-recovery raises questions regarding
the optimal clinical response, including the initiation of early
RRT, conservative management, or immunomodulation,
which remains uncertain. [19] These uncertainties underscore
the necessity for therapeutic trials informed by biomarkers,
rather than solely relying on diagnostic studies.

Equitable access is a critical issue. The [TIMP-2] x [IGFBP7]
point-of-care test is FDA-approved; [13,51] however, it
is expensive and frequently unavailable in low-resource
countries, [6] settings where mortality rates for AKl can surpass
50%. [22] Emerging microfluidic and smartphone-based
assays present significant potential; however, substantial
regulatory and scalability challenges exist (Table 6). [52]

Besides their robust diagnostic and prognostic efficacy,
the widespread use of new AKI biomarkers encounters
several obstacles and limitations. Assay variability presents
a significant challenge, since commercial platforms for
NGAL, [TIMP-2]x[IGFBP7], and CCL14 have inter-laboratory
coefficients of variation of 20% to 30%, hence, confounding
the determination of universal cutoffs. [13,53] Population-
specific thresholds complicate interpretation; pediatric,
geriatric, and CKD groups need tailored reference ranges,
for which no agreement has been established. Systemic
inflammation during sepsis increases NGAL levels regardless
of renal damage, diminishing the specificity and resulting
in false-positive rates of 15% to 25%. Similarly, elevated
baseline KIM-1 levels in CKD reduce its dynamic range. [24]

Table 6: Prognostic performance across key outcomes.

Cost-effectiveness is another difficulty. Although [TIMP-2]
+ [IGFBP7] decreases the occurrence of severe AKI by 15%
to 25% in high-risk surgical cohorts, the additional cost per
quality-adjusted life year may surpass $50,000 in general
ICUs. [54] Point-of-care testing shows potential but is now
restricted to [TIMP-2] x [IGFBP7] with a 20-minute turnaround
time. Scalable systems for NGAL and CCL14 are in advanced
stages of development. Integration with EHRs and clinical
decision support systems is still in its infancy, with less than
10% of centers routinely using biomarkers outside of clinical
trials. [55] Equitable access remains a critical challenge,
as advanced biomarker testing is often unavailable in low-
resource settings where the burden of AKl is highest. Emerging
point-of-care (e.g., cartridge-based [TIMP-2] x [IGFBP7]
test) and microfluidic or smartphone-based assays for
NGAL and CCL14 show significant promise for reducing this
diagnostic inequity. These technologies aim to deliver rapid,
low-cost, and minimally invasive testing, potentially enabling
biomarker-guided care in diverse healthcare environments.

Substantial evidential deficiencies remain. Postrenal AKI is
inadequately represented in validation studies, accounting
for fewer than 5% of biomarker cohorts. The dynamics of
obstructive damage and recovery forecasting need targeted
experiments. [45] Pediatric data are comprehensive for NGAL
after heart surgery, but are deficient in multi-marker panels
for sepsis or nephrotoxin exposure. [56] Prolonged prognostic
validation (exceeding one year) for SOD1, microRNA, and
repair biomarkers (YKL-40, HGF) is constrained, particularly
in  non-Caucasian demographics and resource-limited
environments. [10]

Emerging paradigms, especially the incorporation of Al, offer
potential remedies to existing constraints. For clinical trust and
adoption, these systems must progress beyond a “black box”
model. Future Al platforms must be explainable, providing not
only a risk score (e.g., AUCs of 0.92-0.95 for AKI onset) but
also elucidating the contributing factors. For example, a ‘high
risk for RRT is driven by the combination of CCL14 213 ng/mL,
a 40% rise in SCr, and persistent hypotension’. [20] Powerful
systems will integrate multi-marker panels (e.g., [TIMP-2]
x [IGFBP7], NGAL) with essential clinical variables (e.g.,
vasopressor dose, fluid balance, comorbidities) to develop
transparent, actionable algorithms. This method enhances
multi-omics strategies that reveal subphenotype-specific
signatures, as demonstrated by the LIION clusters, thereby
advancing precision medicine in AKI. [57]

Standardized reporting frameworks, such as the planned
Biomarker Standardization Initiative, seek to unify cutoffs and
assay calibration. [6] Future directions should emphasize:

omorer Oucome_ WR/ORG96E)  Tmstms  Popioion

CCL14213 ng/mL Persistent AKI OR:10.4 (6.2-17.5) 48-72 h [21]
90-day mortality HR:2.5 (1.8-3.4) Admission Sep5|s ATN [38]
KIM-1>2.0 ng/mL MAKE30 OR:3.8(2.1-6.9) 24h Cardiac surgery [41]
[TIMP-2] x [IGFBP7] >0.3 CKD progression HR: 1.8 (1.3-2.5) 1 year AKl survivors [27]

AKI: acute kidney injury; CKD: chronic kidney disease; MAKE30: major adverse kidney events within 30 days.

Habas et al./Yemen J Med. 2025;4(3): 514-525 521



Extensive randomized controlled trials: To evaluate
biomarker-directed intervention bundles (e.g., NGAL with
FST in obstructive AKI, CCL14 for RRT weaning) across various
patient populations.

Global validation studies: Especially in low-resource
environments, where the incidence of AKl is most pronounced
and access to sophisticated diagnostics is restricted.

Comprehensive cost-utility analyses: These include long-
term outcomes, including the mitigation of CKD development.

Optimized regulatory pathways: To expedite the approval
and deployment of multi-marker panels and Al-augmented
diagnostic instruments.

THE SYNTHESIZING ROLE OF Al IN AKI BIOMARKER
INTEGRATION

The emergence of new biomarkers, however diagnostically
potent, poses a barrier to clinical integration. Section 3.4
identifies the “clinical action gap,” which underscores the
challenge of converting various biomarker data into targeted,
evidence-based therapies. Al and ML are emerging as
revolutionary instruments to navigate this complexity, bridging
biomarker discovery with precise therapeuticintervention. [20]

From Prediction to Proactive Risk Stratification

Although individual biomarkers have predictive significance,
their full potential is seen when combined with the extensive
data inside the EHR. Machine learning algorithms may
incessantly evaluate dynamic variables, such as vital signs,
drug exposure, fluid balance, comorbidities, and sequential
biomarker measurements, to provide real-time, individualized
risk ratings. This transition from static to dynamic prediction
is already being realized in clinical settings. For instance,
commercial EHR systems have begun embedding real-time
AKl prediction models, such as the widely deployed Epic EHR's
AKI Risk Model, which continuously analyzes patient data
to flag high-risk individuals hours before a creatinine rise.
Similarly, research initiatives like the DeepAISE algorithm have
been integrated into pilot ICU dashboards, demonstrating
improved early detection by synthesizing complex vital sign
and laboratory trends. [20] These models surpass static
prediction by detecting individuals at elevated risk for AKI
hours to days before an increase in blood creatinine, with
reported AUCs ranging from 0.92 to 0.95. [20] This offers
a vital opportunity for proactive action, such as the prompt
cessation of nephrotoxins or enhanced hemodynamic control.

Enabling AKI Subphenotyping and Etiology Clarification

AKI is a diverse condition, and the etiology-specific
biomarker patterns outlined in Section 3 signify progress
towards precision treatment. Al expedites this process via
unsupervised learning to identify new subphenotypes of AKI
that are undetected by doctors. For example, models may
discern specific clusters of septic AKI patients by analyzing
unique combinations of inflammatory biomarkers (e.g., IL-
18, CCL14), cell cycle arrest indicators ([TIMP-2] x [IGFBP7]),
and clinical characteristics. [48] These subphenotypes have
shown a correlation with varied therapeutic responses and
significantly disparate results, facilitating the initiation of
focused treatment studies.

Bridging the Clinical Action Gap With Explainable Al

A fundamental obstacle to the clinical adoption of Al is the
“black box” problem, where the model’s reasoning is opaque
and not easily interpretable by clinicians. [58] This issue is
being addressed through the development of Explainable
Al (XAl). An effective XAl system does not merely provide a
risk score; it delivers a clinically interpretable justification for
that score. [20] For example, rather than a generic “high risk
for RRT” alert, an XAl system could generate an output such
as: "High risk (94%) for persistent AKI requiring RRT. Key
drivers: CCL14 > 13 ng/mL, [TIMP-2] x [IGFBP7] ratio >2.0,
and sustained hypotension requiring norepinephrine >0.1
mcg/kg/min. Suggested actions: (1) Prompt nephrology
consultation, (2) evaluate early RRT planning, and (3) avoid
fluid overload. This approach transforms biomarkers from
isolated numerical values into components of a pragmatic
clinical decision support system, directly addressing the action
gap by proposing context-aware interventions. [59]

A fundamental obstacle to the clinical adoption of Al is the
“black box” problem, where the model’s reasoning is opaque
and not easily interpretable by clinicians. [58] This issue is
being tackled via the development of Explainable Al (XAl). An
XAl system not only provides a risk score; it offers a clinically
interpretable justification. For instance, rather than a vague
“high risk for RRT” notification, the system may delineate:
High risk (94%) for prolonged AKI necessitating RRT. Key
determinants: CCL14 > 13 ng/mL, [TIMP-2]x[IGFBP7] ratio
>2.0, and sustained hypotension necessitating norepinephrine
>0.1 mcg/kg/min. Suggested measures: (1) Prompt
nephrology consultation, (2) evaluate early RRT planning, and
(3) prevent fluid excess [20]. This converts biomarkers from
mere numerical values into elements of a pragmatic clinical
decision support system, directly tackling the action gap.

Future Directions and Challenges

The amalgamation of Al with AKI biomarkers presents several
obstacles. Future endeavors should concentrate on the
anticipated validation of Al-directed intervention bundles
in randomized controlled trials. Moreover, guaranteeing
algorithmic fairness and generalizability across varied
populations and healthcare environments is essential. The
advancement of seamless EHR integration and effective
point-of-care biomarker testing systems is crucial for realizing
Al-driven precision nephrology at the bedside.

CONCLUSIONS

The identification of novel biomarkers is revolutionizing the
management of AKI, facilitating early detection of subclinical
damage and accurate prognostic stratification across various
etiologies. In contrast to the delayed response of SCr, these
biomarkers enable prompt intervention, informing fluid
management, nephrotoxin avoidance, and obstruction relief.
Multi-marker panels and serial monitoring enhance risk
stratification for the progression to CKD, dialysis, or mortality.

Overcoming challenges related to standardization, validation,
and cost is essential for completing the transition to routine
practice. The incorporation of these tools with point-of-care
testing and explainable Al into EHRs will initiate a new phase
in precision nephrology. Ultimately, the future success of this
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paradigm depends on systematically closing the clinical action
gap through biomarker-guided randomized controlled trials
and the intelligent integration of Al. This paradigm promises
not only enhanced diagnosis but also the prevention of AKI,
which would preserve renal function and improve long-term
survival.
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