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ABSTRACT: Kidney diseases continue to impose a substantial global health
burden due to their progressive nature, delayed clinical detection, and strong
association with cardiovascular morbidity and mortality. Conventional
diagnostic and prognostic tools in nephrology, including serum creatinine,
estimated glomerular filtration rate, and imaging modalities, often provide
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limited insight into early disease mechanisms and fail to capture the
multidimensional complexity of renal pathology. Recent advances in artificial
intelligence (Al), encompassing machine learning, deep learning, and
multimodal data analytics, offer promising opportunities to enhance kidney care
through early risk prediction, improved diagnostic accuracy, and personalized
therapeutic strategies. This review critically examines current trends and
applications of Al in nephrology, with emphasis on chronic kidney disease and
acute kidney injury prediction, Al-assisted renal imaging, digital histopathology,
dialysis optimization, and clinical decision support systems. Emerging
approaches such as multimodal learning frameworks, explainable Al, and
precision nephrology models are also discussed in relation to future clinical
integration. In parallel, key challenges including data heterogeneity, limited
external validation, ethical and privacy concerns, regulatory barriers, and issues
related to clinical adoption are highlighted.

INTRODUCTION: Kidney diseases, including
chronic kidney disease (CKD) and acute kidney
injury (AKI), represent a major and growing global
health burden, contributing substantially to
morbidity, mortality, and healthcare expenditure *.
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Consequently, effective early detection and
accurate risk stratification are essential for
improving clinical outcomes and reducing disease
progression®.  Conventional  diagnostic  and
prognostic approaches in nephrology primarily rely

The progressive nature of CKD, which often
remains asymptomatic until advanced stages, poses
significant challenges for early diagnosis and
timely intervention 2. Similarly, AKI is associated
with high short-term mortality and an increased
risk of long-term renal dysfunction, particularly
among critically ill and hospitalized patients.
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on serum biomarkers, imaging modalities, and
histopathological evaluation. Although these tools
remain clinically indispensable, their ability to
detect early disease changes and provide
individualized risk assessment is often constrained
by biological variability, inter-observer differences,
inmd limited integration of longitudinal patient data

Traditional  prediction models may also
inadequately reflect disease heterogeneity, dynamic
progression, and the multifactorial nature of renal
disorders, thereby limiting their overall predictive
performance °.

1750



Awasthi et al., IJPSR, 2026; Vol. 17(6): 1750-1757.

EARLY DETECTION
AND RISK PREDICTION

€d» 4

Al IN
KIDNEY
CARE

ADVANCES IN
RENAL IMAGING

S ]

.

Ly

MULTIMODAL

=
B e

DIGITAL PATHOLOGY

FIG. 1: Al IN KIDNEY CARE

Recent advances in artificial intelligence (Al),
particularly machine learning (ML) and deep
learning (DL), have created new opportunities to
address  these  challenges by  enabling
comprehensive analysis of high-dimensional
clinical data ®. Al-based algorithms can integrate
information from electronic health records, medical
imaging, genomics, and wearable technologies to
identify clinically relevant patterns and support
more  accurate prediction, diagnosis, and
management of kidney diseases. In nephrology,
these approaches have shown promise in early
disease detection, prognostic modeling, treatment
optimization, and clinical decision support .

This review critically examines the emerging role
of Al in kidney disease diagnosis and management,
highlighting recent technological advances, current
clinical applications, and their implications for
patient care. In addition, it discusses key challenges
related to data quality, model interpretability,
ethical considerations, and clinical integration,
while outlining future directions for the responsible
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and effective adoption of Al
practice.

in nephrology

Current Trends in Al for Kidney Care: The
application of artificial intelligence  within
nephrology has expanded rapidly in recent years,
driven by the increasing availability of electronic
health data, high-resolution imaging, and
advancements in machine learning and deep
learning techniques. Al technologies are now being
integrated into risk prediction models, diagnostic
workflows, and therapeutic decision-making
processes. These developments reflect a broader
shift toward data-driven precision medicine,
allowing clinicians to interpret complex patterns
that would otherwise remain undetected using
conventional methods. The following subsections
discuss major trends in Al-driven renal healthcare,
highlighting their clinical significance and evolving
roles.

Al for Chronic Kidney Disease (CKD) Detection
and Risk Prediction: Artificial intelligence-based
approaches, particularly machine learning and deep
learning models, have been increasingly applied for
the early prediction and risk stratification of
chronic kidney disease. By analyzing large-scale,
multidimensional datasets derived from electronic
health records, laboratory parameters, demographic
variables, and imaging data, these models enable
more comprehensive assessment of disease
trajectories compared to conventional statistical
methods. Such integrative analysis supports
improved identification of individuals at high risk
for CKD progression, even at earlier and clinically
asymptomatic stages ®°.

Clinical
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FIG. 2: WORKFLOW OF Al IN CKD PREDICTION

Several studies have demonstrated that Al-driven
prediction models can enhance prognostic accuracy
and support timely clinical decision-making by
facilitating personalized risk assessment and
monitoring. Rather than solely emphasizing
algorithmic performance metrics, the primary
clinical value of these models lies in their potential
to enable earlier interventions, optimize patient
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follow-up strategies, and reduce progression to
end-stage renal disease. Collectively, these
advancements highlight the growing role of Al as a
supportive tool for improving CKD management
and long-term patient outcomes *°.

Al in Acute Kidney Injury (AKI) Prediction:
Artificial  intelligence-based  models  have
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demonstrated significant potential for the early
prediction of acute kidney injury, particularly in
high-risk clinical environments such as intensive

care units and perioperative settings . By
leveraging routinely collected clinical data-
including vital signs, laboratory parameters,

medication exposure, and comorbidities-machine
learning and deep learning algorithms can identify
subtle physiological changes that precede clinically
overt AKI. This enables earlier risk stratification
and supports proactive clinical decision-making *2.
Al-driven prediction models have consistently
shown improved prognostic performance compared
to conventional rule-based criteria by facilitating
continuous analysis of time-series data and
dynamic risk assessment 3. When integrated into
electronic health record systems, these models
provide clinicians with real-time insights that
enhance situational awareness and enable timely
preventive interventions.

TABLE 1: Al TOOLS FOR AKI FORECASTING
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The principal clinical benefit lies in supporting
early recognition and mitigation of AKI risk rather

than repeated emphasis on algorithmic superiority
14,15

Al-enabled alert systems represent a key
translational application of AKI prediction models,
serving as decision-support tools that notify
healthcare providers of elevated risk and prompt
preventive  measures such as  medication
adjustment, fluid management, and closer patient
monitoring *®. However, challenges including alert
fatigue, variability in performance across diverse
patient populations, and limited external validation
necessitate careful implementation and continuous
evaluation. Future research should prioritize model
interpretability, standardized validation
frameworks, and seamless clinical integration to

maximize real-world impact and patient safety *”
18

Tools / System Data Inputs

Al Method Prediction Window

DeepAKI
EHR-Based AKI Predictor
ICU AKI Surveillance Model
AKI Early Alert System

Continuous vitals, labs
Medication exposure, fluids, vitals
Real-time ICU data
Creatinine trend + urine output

24-48 hours before AKI onset
12-24 hours prediction
6-12 hours before KDIGO rise
Immediate bedside alerts

LSTM
Random Forest
Temporal CNN

Gradient
Boosting

Al Applications in Renal Imaging: Al-assisted
imaging has become one of the most dynamic areas
of innovation in nephrology. Traditional imaging
interpretation relies heavily on radiologist expertise
and is subject to inter-observer variability. Al tools,
particularly deep learning models, help standardize
image interpretation by identifying disease-specific
patterns with greater consistency and speed %, In
cross-sectional imaging (CT and MRI), Al
algorithms perform automated segmentation of

TABLE 2: APPLICATIONS OF Al IN RENAL IMAGING

renal parenchyma, quantify cortical thickness,
detect cystic and solid lesions, and assess tumor
characteristics with high accuracy . These
capabilities are especially beneficial for renal
oncology, where early and accurate identification
of renal cell carcinoma is crucial. Al models
trained on annotated datasets can differentiate
between benign and malignant lesions and even
classify RCC subtypes with performance
comparable to experienced radiologists > .

Imaging Modality Al Technique Application
Ultrasound CNN CKD grading, cortical thinning analysis
CT Segmentation Models (U-Net) Tumor detection & volumetry
MRI Radiomics + ML Texture analysis for fibrosis

Renal ultrasound-a widely accessible but operator-
dependent modality-has also benefitted from Al
technologies. Machine learning systems can reduce
noise, enhance structural visualization, and identify
hydronephrosis or parenchymal abnormalities more
£4eliably than manual interpretation in some settings
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Al in Renal Histopathology and Digital
Pathology: Artificial intelligence has increasingly
been applied to optimize dialysis management by
supporting individualized treatment planning and
real-time monitoring of patient parameters. Al-
based models analyze longitudinal clinical data,
dialysis machine outputs, and patient-specific
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variables to assist in tailoring dialysis prescriptions,
predicting intradialytic ~ complications, and
improving treatment efficiency. These approaches
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enable clinicians to move beyond standardized
protocols toward more patient-centered dialysis
care %,
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FIG. 3: Al BASED RENAL BIOPSY ANALYSIS

In the context of digital pathology, Al models
integrate  morphometric data with clinical and
laboratory parameters to improve disease
stratification, prognostic assessment, and treatment
response prediction in various renal disorders. By
analyzing longitudinal pathological changes, Al-
driven tools assist in identifying subtle
morphological patterns that may be overlooked in
conventional microscopy, supporting early disease
detection and refined classification of complex
renal  pathologies.  Furthermore, Al-enabled
platforms contribute to workflow optimization by
prioritizing cases, assisting pathologists during
slide review, and enabling large-scale research
through high-throughput image analysis %,

Despite promising results, the successful clinical
implementation of Al in dialysis management
depends on data quality, interoperability with
dialysis infrastructure, and clinician acceptance.
Ongoing validation studies and real-world
evaluations are essential to ensure reliability,
safety, and sustained clinical impact in routine
nephrology practice %.

Al in Dialysis Management: Artificial
intelligence has gained increasing attention in the
optimization of dialysis management, particularly
in improving treatment safety, efficiency, and
individualization. Al-driven models analyze large
volumes of dialysis-related data, including
hemodynamic parameters, ultrafiltration rates,
laboratory values, and patient-specific
characteristics, to support real-time clinical
decision-making. One of the most impactful
applications of Al in dialysis is the prediction of
intradialytic  hypotension.  Machine learning
algorithms can identify subtle physiological

International Journal of Pharmaceutical Sciences and Research

patterns that precede blood pressure drops,
enabling early risk stratification and proactive
adjustment of dialysis parameters. By integrating
predictive insights into dialysis workflows, these
systems may help reduce treatment-related
complications and improve patient tolerance .

In addition, Al supports personalized dialysis
prescriptions by tailoring ultrafiltration profiles,
session duration, and fluid removal targets based on
individual patient responses. Rather than relying on
fixed protocols, Al-based approaches allow
dynamic treatment adaptation, which may enhance
cardiovascular stability and overall treatment
outcomes. However, the clinical translation of these
technologies requires further  validation,
interoperability with dialysis machines, and careful
consideration of workflow integration *.

Emerging Innovations and Future Prospective:
The field of nephrology is undergoing a significant
transformation as artificial intelligence evolves
from isolated predictive models into integrated
systems capable of supporting comprehensive
clinical decision-making. Emerging innovations
increasingly emphasize multimodal learning,
interpretability, personalization, and seamless
clinical integration, collectively advancing kidney
care toward a more precise and patient-centered
paradigm. These developments reflect a shift from
purely technical performance toward clinically
meaningful and ethically responsible Al
deployment °°. Multimodal artificial intelligence
represents a promising direction for precision
nephrology by enabling the integration of diverse
data sources, including electronic health records,
laboratory parameters, medical imaging, digital
pathology, and molecular profiles.

31
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By combining heterogeneous data modalities,
multimodal frameworks aim to improve disease
characterization, risk stratification, and outcome
prediction beyond the capabilities of single-source
models. Although early evidence suggests potential
benefits, most applications remain at an exploratory
stage, and their clinical utility requires validation
through large-scale prospective studies across
diverse patient populations ** *. As Al systems
become more deeply embedded in clinical practice,
explainability, ethics, and governance have
emerged as interdependent pillars for responsible
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implementation. Many advanced Al models,
particularly deep learning architectures, operate as
complex systems that offer limited transparency,
which can undermine clinician trust and hinder
adoption. Explainable Al approaches seek to
address this challenge by providing interpretable
insights into how predictions are generated and
which clinical variables most strongly influence
outcomes. Such transparency supports clinical
validation, enhances accountability, and facilitates
gffer integration into routine nephrology workflows
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FIG. 4: MULTIMODAL Al FRAMEWORK IN NEPHROLOGY

Ethical considerations are closely intertwined with
interpretability and governance. Ensuring patient
data privacy, minimizing algorithmic bias, and
promoting equitable care are essential to prevent
unintended harm. Al models trained on non-
representative datasets may perpetuate healthcare
disparities, highlighting the importance of diverse
data sources, continuous performance monitoring,
and adherence to regulatory and data protection
frameworks. Together, explainability, ethical
oversight, and governance structures form a unified
foundation for trustworthy Al in kidney care **. Al-
enhanced clinical decision support systems
represent a key translational bridge between
innovation and bedside practice. By embedding
predictive models within electronic health record
platforms, these systems enable real-time risk

assessment, diagnostic support, and treatment
planning.  Their effectiveness depends on
thoughtful design that aligns with clinical
workflows, delivers context-aware

recommendations, and minimizes alert fatigue.
Ongoing evaluation and clinician engagement are
critical to ensuring sustained real-world impact *.
Looking ahead, Al is expected to play an
increasingly important role in personalized
nephrology by supporting individualized risk
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stratification, therapy optimization, and outcome
prediction. Beyond clinical care, Al is also
reshaping renal research and education through
large-scale data analytics, automated knowledge
discovery, and innovative training platforms.
Collectively, these emerging innovations highlight
the potential of Al to advance kidney care while
underscoring the need for careful validation, ethical

stewardship, and clinically grounded
implementation *’.
Challenges and Limitations: Despite rapid

advances in artificial intelligence applications
within nephrology, translation into routine clinical
practice  remains constrained by  multiple
interrelated technical, clinical, regulatory, and
ethical challenges. Addressing these limitations is
essential to ensure that Al-based tools are safe,
reliable, equitable, and clinically applicable across
diverse patient populations *.

A major barrier to effective Al implementation lies
in the heterogeneity and variability of clinical data,
which directly influences model robustness and
generalizability. Data originating from different
healthcare institutions often differ in structure,
measurement standards, imaging protocols, and
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documentation practices *°. Incomplete records,
missing values, and inconsistencies within
electronic health records further complicate model
development and evaluation. Additionally, models
trained on narrowly defined or localized datasets
may fail to maintain predictive accuracy when
applied to external populations with differing
demographic characteristics, comorbidity profiles,
or healthcare settings. These challenges underscore
the need for standardized data collection, diverse
training cohorts, and rigorous multicenter
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validation strategies prior to widespread clinical
deployment “°. Regulatory and legal challenges
further impede clinical adoption. Existing
regulatory frameworks are not fully adapted to
adaptive and continuously learning Al systems,
creating uncertainty around approval pathways,
accountability, and liability. The absence of
universally accepted standards for model
validation, reporting, and  post-deployment
monitoring also limits regulatory clarity and
clinician confidence *'.

BIAS
DATA ETHICAL
HETEROGENEITY CONCERNS
CHALLENGES
& LIMITATIONS
GENERALIZABILITY CLINICAL
ACCEPTANCE

PRIVACY

FIG.5: CHALLENGES AND LIM

Clinical acceptance and trust represent additional
limitations. Many high-performing deep learning
models operate as complex systems with limited
interpretability, which can hinder clinician
understanding and confidence in Al-assisted
recommendations. Concerns related to workflow
disruption, alert fatigue, and the need for
specialized training further challenge seamless
integration into everyday nephrology practice *
Ethical considerations, including fairness, bias, and
data privacy, remain central to responsible Al
adoption. Models trained on non-representative
datasets risk perpetuating healthcare disparities,
particularly when deployed across diverse
socioeconomic or geographic contexts. Robust data
governance frameworks, secure data-sharing
mechanisms, and compliance with ethical and legal
standards are essential to protect patient privacy
and maintain public trust as Al-enabled
collaborations expand “*. Addressing these
challenges will require coordinated efforts among
clinicians, data scientists, healthcare institutions,
regulators, and policymakers. Through improved
data standardization, transparent model design,

ITATIONS OF Al IN NEPHROLOGY

rigorous  validation, and clinician-centered
implementation strategies, Al technologies can
progress from experimental tools to trusted
components of routine nephrology care ***.

CONCLUSION:  Artificial intelligence s
increasingly influencing nephrology by enabling
earlier detection, improved risk stratification, and
more personalized management of kidney diseases.
Applications spanning chronic kidney disease,
acute kidney injury, digital pathology, dialysis
optimization, and clinical decision support
demonstrate the potential of Al to enhance
diagnostic accuracy and support evidence-based
care. Advances in deep learning, multimodal data
integration, and explainable Al are particularly
important in improving clinical trust and usability.
Despite these advances, significant challenges
remain, including data heterogeneity, limited
generalizability, ethical concerns, and regulatory
uncertainties. Addressing these barriers through
robust validation, transparent model design, and
interdisciplinary collaboration will be essential for
safe and effective clinical implementation.
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With responsible development and integration into
existing workflows, Al has the potential to advance
precision nephrology, support proactive
interventions, and ultimately improve patient
outcomes in renal healthcare.
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