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1. AI-DRIVEN PRECISION
CARE FOR RENAL DISEASES

Background

The growing prevalence of kidney diseases, their
significant global health burden, and their pro-
found impact on patient outcomes have made the
pursuit of more accurate and individualized ap-
proaches to renal care an urgent priority. Despite
advances in diagnostic and therapeutic strategies,
managing renal diseases remains challenging be-
cause of their complex and heterogeneous nature.
In recent years, artificial intelligence (AI) has en-
abled the analysis of vast and complex datasets to
support more accurate diagnosis, risk prediction,
and personalized treatment planning. By integrat-
ing clinical, laboratory, imaging, and genomic in-
formation, Al-driven technologies are advancing
precision medicine in nephrology. This section
explores the rapidly evolving role of Al in preci-
sion medicine in nephrology, highlighting current
applications, emerging innovations, and future
opportunities to deliver more effective, individu-
alized, and patient-centered management of renal
diseases.

Al-Based Early Detection,
Biomarker Integration, and
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Precision Risk Assessment in

Chronic Kidney Disease
Early detection of chronic kidney disease (CKD)
remains a critical part of precision nephrology,
as timely diagnosis and risk stratification can
delay disease progression and reduce the burden
of end-stage kidney disease. Recent advances in
AI have enabled the development of sophisticated
predictive models that integrate clinical, labora-
tory, and biomarker data to identify high-risk in-
dividuals with greater accuracy than conventional
approaches. The following studies illustrate how
machine learning and deep learning techniques
are transforming CKD screening, diagnosis, and
prognostic assessment across diverse healthcare
settings.

Recognizing that disease progression often begins
before overt clinical manifestations become ap-
parent, researchers have increasingly focused on
developing predictive models capable of identify-
ing patients at elevated risk of future renal de-
cline. Chan et al. revealed an observational study
with a sample size of 1,146 patients with diabetic
kidney disease (DKD), published in 2021, in which
they developed and validated a machine learning-
based prognostic model (KidneyIntelX) by inte-
grating electronic health record data with plasma
biomarkers (TNFR1, TNFR2, and KIM-1) to pre-
dict kidney disease progression over 5 years. The
results showed that KidneyIntelX improved risk
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stratification, with a positive predictive value of
61% in the high-risk group, suggesting its poten-
tial utility for early identification of patients at
risk of progressive kidney function decline.

Beyond biomarker-enhanced prognostic models,
investigators have also explored whether machine
learning algorithms can facilitate CKD screening
using data that are readily available outside spe-
cialized clinical environments. Metherall et al. con-
ducted a study with a sample size of 400 patients,
published in 2025, in which the results showed
that the Random Forest model achieved 92.5% ac-
curacy for CKD classification using only at-home
measurements, while both ANN and RF achieved
over 98% accuracy when monitoring or laboratory
data were included. Additionally, hemoglobin,
blood urea, hypertension, and diabetes mellitus
were identified as the most important predictors.

To further improve diagnostic performance, re-
cent studies have combined advanced feature-
selection techniques with deep learning architec-
tures, enabling models to identify complex rela-
tionships among clinical variables and optimize
disease classification. Ismail et al. reported a study
using a chronic kidney disease dataset containing
400 cases, published in 2023, in which they de-
veloped a novel artificial intelligence framework
called CKD-SO that combined snake optimization-
based feature selection with machine learning and
customized convolutional neural network models
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for early detection of chronic kidney disease.
The framework incorporated preprocessing tech-
niques, feature optimization, and multiple classi-
fiers. The results demonstrated excellent predict-
ive performance, with the proposed model achiev-
ing an accuracy of 99.7% and 100% sensitivity for
chronic kidney disease detection.

Explainable Al and Clinical Decision
Support in Chronic Kidney Disease
Integrating explainable AI into clinical decision-
support systems is increasingly important for in-
creasing the adoption of Al-based healthcare so-
lutions. These systems can support personalized
care by providing interpretable predictions while
facilitating informed clinical decision-making.
Okafor et al. published a study in 2025 in which
they developed an Al-assisted clinical decision-
support system for rehabilitation and chronic dis-
ease management using longitudinal electronic
health record data. The system employed deep
learning models to predict outcomes such as 90-
day readmission and functional decline while in-
corporating explainable AI techniques. The results
demonstrated improved predictive performance
compared with conventional clinical models and
provided transparent, patient-specific insights to

support personalized clinical management.

Early Prediction and Real-
Time Monitoring of AKI

AI-DRIVEN PRECISION CARE FOR CHRONIC DISEASES

Early prediction of acute kidney injury (AKI) is
essential for enabling timely intervention and pre-
venting disease progression. Artificial intelligence
has increasingly been applied to continuously ana-
lyze clinical data and identify patients at risk
before the development of overt kidney injury.
Tomasev et al. conducted a study with a sample
size of 703,782 adult patients across 172 inpatient
and 1,062 outpatient sites, published in 2019, in
which they developed a deep learning model using
longitudinal electronic health record data for con-
tinuous prediction of future acute kidney injury
(AKI). The model continuously updated patient
risk profiles and provided individualized predic-
tions, confidence estimates, and clinically relevant
predictive features. The results demonstrated that
the model predicted 55.8% of all inpatient AKI epi-
sodes and 90.2% of dialysis-requiring AKI cases up
to 48 hours before onset, with only two false alerts
per true alert.

Another study by Dutta et al., published in 2024,
conducted external validation with a sample size
of 39,891 hospital and emergency department en-
counters, in which they evaluated the perform-
ance of the commercial Epic Risk of Hospital-
Acquired Acute Kidney Injury (HA-AKI) machine
learning model. The model, based on a gradient-
boosted forest algorithm and routinely collected
clinical data, generated hourly predictions of AKI
risk. The results demonstrated moderate predict-
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ive performance, providing a median warning
time of 21.6 hours before AKI onset.

AKI Phenotyping and Precision

Medicine Approaches
The heterogeneous nature of acute kidney injury
(AKI) has led to increased interest in identi-
fying distinct patient subgroups that differ in
pathophysiology and clinical outcomes. Al-based
phenotypic approaches offer a promising strat-
egy for advancing precision medicine by enabling
more personalized risk assessment and manage-
ment. Tan et al. conducted a retrospective study in
2023 using data from 19,884 patients with acute
kidney injury (AKI) and 20,627 AKI encounters
obtained from two independent databases. They
developed a deep learning model based on a
supervised LSTM autoencoder to identify clinic-
ally meaningful AKI subphenotypes using longi-
tudinal electronic health record data. The model
classified patients into three distinct subgroups
with markedly different mortality risks, highlight-
ing the potential of Al-driven phenotyping to im-
prove risk stratification and support personalized
AKI management.

Al in Kidney Transplantation and
Precision Transplant Medicine

Al-Based Donor-Recipient Matching
Optimal donor-recipient matching is a critical de-

14
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terminant of transplant success, affecting both
graft survival and long-term patient outcomes.
Recent advances in artificial intelligence have en-
abled the development of sophisticated predictive
models that integrate multiple donor and recipi-
ent characteristics to improve allocation decisions
and support personalized transplant strategies.

Xu et al. conducted a study published in 2021 in
which they developed a machine learning frame-
work based on representation learning to opti-
mize individualized donor-recipient matching in
organ transplantation. Using observational trans-
plant allocation and outcome data, the model
learned compatibility patterns between donor and
recipient characteristics and predicted outcomes
for potential donor-recipient matches, including
combinations not previously observed.

Beyond matching, Al has been increasingly used to
predict graft survival and support transplant de-
cision-making. Paquette et al. conducted a study
using data from the United States Scientific Regis-
try of Transplant Recipients, published in 2022,
in which they developed and evaluated several
machine learning models to predict kidney graft
survival for potential donor-recipient pairs. The
performance of these models was compared with
traditional Cox regression and random survival
forests. The results showed that neural network-
based models achieved superior predictive per-
formance. The AI model was ultimately incorpor-

15
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ated into a technological decision-support tool de-
signed to assist clinicians and patients in identify-
ing the most suitable donor-recipient matches for
kidney transplantation.

The integration of immunologic compatibility
data has further enhanced the precision of AI-
based donor-recipient matching. Nemati et al.
conducted a study using a database of more than
100,000 kidney transplants, published in 2023,
in which they developed novel machine learn-
ing-based survival prediction models incorpor-
ating four biologically relevant representations
of human leukocyte antigen (HLA) compatibility
between donors and recipients. The models evalu-
ated the impact of HLA matching on graft survival
time and compared different feature representa-
tion techniques. The results showed that incorpor-
ating detailed HLA information improved graft
survival prediction accuracy by approximately
1%, a modest improvement at the individual level
but one that could have substantial clinical and
societal benefits by optimizing donor-recipient
matching and reducing graft failure rates.

Immunological Risk Assessment
and Personalized Post-
Transplant Care
Machine learning may facilitate personalized
tacrolimus dosing and improve post-transplant
immunosuppressive management. Stords et al.
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conducted a 2022 study in which they devel-
oped machine learning models to predict tacroli-
mus exposure in kidney transplant recipients.
Using clinical and therapeutic drug monitoring
data, they evaluated whether machine learning
could accurately estimate individual drug expos-
ure and support tacrolimus dose adjustment. The
results showed that the machine learning models
achieved predictive errors comparable to those of
established population pharmacokinetic models
while being faster to develop and requiring less
pharmacokinetic expertise.

Al-assisted IgG prediction and enhanced anti-
body monitoring may improve immunologic risk
stratification and optimize outcomes in ABO-in-
compatible kidney transplantation. Ko et al. con-
ducted a 2025 retrospective study with a sample
size of 408 ABO-incompatible kidney transplant
recipients to evaluate the impact of IgG monitor-
ing and a machine learning-based IgG prediction
model on post-transplant outcomes, particularly
in blood group O recipients. They also developed
an XGBoost model using 610 cases to predict pre-
transplant IgG titers from immunologic and clin-
ical variables. The results showed that combined
IgG and IgM monitoring significantly reduced the
incidence of antibody-mediated rejection (ABMR)
and acute rejection in blood group O recipients,
while the machine learning model demonstrated
good predictive performance.
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Prediction of Graft Survival
and Transplant Outcomes
Accurate prediction of graft survival is essential
for optimizing transplant outcomes and support-
ing personalized clinical decision-making.

Ali et al. conducted a study published in 2025 with
a sample size of 12,661 living-donor kidney trans-
plant recipients from the United Kingdom Trans-
plant Registry, in which they developed and valid-
ated an Al-based prediction model (UK-LTOP) to
estimate graft survival after living-donor kidney
transplantation. Using multiple machine learning
algorithms, the XGBoost model achieved the best
performance at 3, 7, and 10 years post-transplant.

Subsequent studies have extended these ap-
proaches to larger and more diverse transplant
populations to improve long-term graft outcome
prediction. Naqvi et al. conducted a study in 2021
using data from 52,827 deceased-donor kidney
transplants recorded over approximately 20 years
in the United States, in which they developed ma-
chine learning models to predict kidney graft fail-
ure within 1 year, 5 years, and up to 17 years after
transplantation. Using techniques such as support
vector machines, AdaBoost, random forests, and
neural networks, they evaluated the impact of
donor and recipient characteristics on graft sur-
vival. The results demonstrated strong predictive
performance for long-term graft survival predic-
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tion.

In addition to developing predictive models, re-
searchers have evaluated whether machine learn-
ing can outperform conventional transplant risk
assessment tools. Pahl et al. conducted a study
using a dataset of 70,242 kidney transplants per-
formed between 1995 and 2005, in which they de-
veloped a Random Forest machine learning model
to predict kidney graft survival and compared its
performance with the conventional Kidney Donor
Risk Index (KDRI). The results showed that the
machine learning model correctly identified an
additional 2,148 successful transplants compared
with the traditional risk index while maintaining
the same error rate. Furthermore, long-term sur-
vival analysis up to 240 months after transplanta-
tion confirmed that the Random Forest model sig-
nificantly outperformed the KDRI in predicting
graft survival.

Similarly, machine learning methods combined
with survival analysis have been investigated to
further enhance long-term outcome prediction
following kidney transplantation. Yoo et al. con-
ducted a multicenter cohort study with a sample
size of 3,117 kidney transplant recipients, pub-
lished in 2017, in which they developed Al models
combined with survival statistics to predict long-
term kidney graft survival. They evaluated sev-
eral algorithms, including survival decision trees,
bagging, random forests, ridge, and lasso models,

19




MEHRDAD FARROKHI

and compared their performance with conven-
tional decision tree and Cox regression models.
The results showed that the survival decision tree
achieved the best predictive performance, out-
performing conventional decision trees and Cox
regression models. Furthermore, acute rejection
during the first year after transplantation was
identified as the strongest predictor of graft fail-
ure.

More recently, attention has shifted toward de-
veloping interpretable AI models that provide
accurate predictions while maintaining clinical
transparency. Salatin et al. conducted a study
using data from 36,653 deceased-donor kidney
transplants performed across 24 UK transplant

centers, published in 2024, in which they de-
veloped interpretable machine learning models,
including neural networks, random survival for-
ests, and Cox proportional hazards models, to
predict graft failure and patient mortality after
kidney transplantation. The results showed that
neural networks achieved predictive performance
comparable to conventional survival models. Add-
itionally, donor age, recipient age, DR mismatch,
dialysis type, and primary renal disease were iden-
tified as key predictors of transplant outcomes.

AI-DRIVEN PRECISION CARE FOR CHRONIC DISEASES




2. AlI-DRIVEN PRECISION
CARE FOR NEURO-
LOGICAL DISEASES

Background

Neurological diseases represent one of the most
important and rapidly expanding global health
challenges. They include a broad spectrum of
disorders such as stroke, epilepsy, Alzheimer’s
disease, Parkinson’s disease, multiple sclerosis,
migraine, traumatic brain injury, brain tumors,
peripheral neuropathies, and other neurodegen-
erative and neurovascular conditions. These dis-
orders can result in substantial mortality, disabil-
ity, cognitive impairment, functional limitation,
and reduced quality of life. Their clinical mani-
festations are highly heterogeneous, and patients
with the same diagnosis may demonstrate mark-
edly different patterns of disease progression,
treatment response, and long-term outcomes.
This variability creates a major challenge for con-
ventional approaches to neurological diagnosis
and management, which frequently depend on
clinical examination, standardized diagnostic cri-
teria, neuroimaging, electrophysiological investi-
gations, laboratory testing, and population-based
treatment strategies.

Artificial intelligence (AI), particularly machine

22
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learning (ML) and deep learning (DL), is in-
creasingly being incorporated into neurological
medicine because of its ability to process large,
complex, and heterogeneous datasets. Al can inte-
grate information obtained from electronic health
records, neuroimaging, electroencephalography,
genomic and molecular data, laboratory investi-
gations, clinical notes, wearable devices, and pa-
tient-reported outcomes. By identifying patterns
and relationships that may not be readily recog-
nized through conventional clinical assessment,
Al has the potential to support earlier diagnosis,
individualized risk stratification, prediction of dis-
ease progression, treatment selection, continuous
monitoring, and personalized rehabilitation. This
development is consistent with the broader tran-
sition from conventional disease-centered medi-
cine toward precision medicine, in which preven-
tion and treatment are increasingly adapted to the
characteristics and needs of individual patients.

The role of Al in neurological diseases extends
beyond simple diagnostic automation. Modern Al
systems can generate predictive models that es-
timate an individual patient's probability of de-
veloping a disease, experiencing a complication,
responding to a specific treatment, or undergo-
ing functional decline. In addition, multimodal
Al approaches can combine different sources of
information to provide a more comprehensive rep-
resentation of neurological disease. For example,
neuroimaging findings can be combined with cog-

23
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nitive performance, genetic information, clinical
history, and longitudinal physiological measure-
ments to establish individualized disease profiles.
Such approaches may facilitate the identification
of clinically meaningful subgroups within appar-
ently similar neurological disorders and support
more targeted interventions.

Al in Neurological Diagnosis

Accurate diagnosis is a fundamental component
of neurological care, but many neurological dis-
orders are difficult to identify during their early
stages. Symptoms may be nonspecific, intermit-
tent, or shared by multiple conditions, while
structural and functional abnormalities may be
subtle and difficult to detect. Al-based diagnostic
systems can analyze large datasets and recognize
complex patterns associated with specific neuro-
logical disorders. Deep learning has demonstrated
particular potential in medical imaging because
neural networks can automatically extract rele-
vant features from images without requiring all
features to be manually defined.

In brain imaging, Al can assist clinicians in the
analysis of magnetic resonance imaging (MRI),
computed tomography (CT), positron emission
tomography (PET), and other imaging modalities.
In stroke care, Al systems can identify intracranial
hemorrhage, ischemic changes, large vessel occlu-
sion, and areas of potentially salvageable brain
tissue. Automated analysis can accelerate image

24
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interpretation and facilitate rapid communica-
tion between emergency physicians, radiologists,
neurologists, and stroke teams. Because treatment
decisions in acute stroke are strongly dependent
on time, the ability of Al to rapidly identify high-
risk imaging patterns may have important impli-
cations for emergency neurological care.

Al also has potential applications in neurodegen-
erative diseases. Alzheimer’s disease, for example,
may develop gradually over many years before
substantial cognitive impairment becomes clinic-
ally apparent. Al algorithms can analyze brain
imaging, cognitive assessments, speech patterns,
genetic characteristics, and other biomarkers to
identify subtle patterns associated with early dis-
ease. Similar approaches have been investigated
in Parkinson’s disease, where AI can analyze
movement patterns, voice characteristics, facial
movements, handwriting, gait, and other digital
biomarkers. These applications may improve the
identification of early neurological changes and
provide opportunities for intervention before sub-
stantial functional deterioration occurs.

Al and Stroke Precision Care
Stroke is one of the neurological conditions in
which AI has demonstrated particularly import-
ant clinical potential. The effectiveness of many
acute stroke treatments depends on rapid diag-
nosis, accurate classification, and timely inter-
vention. Conventional evaluation may require the

25
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integration of clinical examination, CT or MRI
findings, vascular imaging, and laboratory infor-
mation. Al can support this process by rapidly
analyzing neuroimaging and clinical information
to identify patients who may benefit from urgent
intervention.

In ischemic stroke, Al-based imaging systems can
assist in detecting early ischemic changes, iden-
tifying large vessel occlusion, estimating infarct
core volume, and evaluating collateral circula-
tion. Automated imaging analysis may reduce
delays associated with image interpretation and
help identify patients who require mechanical
thrombectomy or other reperfusion strategies. In
intracranial hemorrhage, Al algorithms can detect
bleeding on CT scans and potentially prioritize
critical cases for immediate review. These cap-
abilities may be particularly valuable in hospitals
where specialist neurological or neuroradiological
expertise is not continuously available.

Precision care in stroke also requires prediction
beyond the initial event. AI models can integrate
demographic characteristics, neurological sever-
ity, imaging findings, laboratory values, comor-
bidities, and treatment information to estimate
the risk of complications and long-term disability.
Such models may help clinicians identify patients
who require closer monitoring and more intensive
rehabilitation. AI may therefore contribute to the
entire stroke pathway, from early detection and
treatment selection to prognosis, rehabilitation,

26
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and secondary prevention.

Al in Epilepsy and Electro-
encephalography

Epilepsy represents another important area for
Al-driven precision care. Diagnosis frequently de-
pends on the interpretation of electroenceph-
alography (EEG), clinical history, and seizure char-
acteristics. However, EEG interpretation can be
time-consuming, and abnormal electrical patterns
may be difficult to identify, particularly during
prolonged monitoring. Al-based algorithms can
analyze EEG recordings continuously and identify
patterns associated with seizures and epileptiform
activity.

Automated seizure detection may be particularly
useful during prolonged EEG monitoring in in-
tensive care units, epilepsy monitoring units, and
ambulatory settings. Al systems can process large
amounts of electrophysiological data and alert
clinicians when potentially significant patterns
are detected. This may reduce the burden associ-
ated with manual review and improve the identifi-
cation of seizures that might otherwise be missed.
Al may also contribute to seizure prediction. By
analyzing longitudinal EEG recordings together
with physiological signals and patient-specific
characteristics, machine learning models may
identify patterns associated with increased seiz-
ure probability. Although reliable seizure predic-
tion remains challenging, continued development

27
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of individualized models could support person-
alized safety strategies and treatment planning.
Wearable devices may further expand this ap-
proach by continuously monitoring physiological
changes outside the hospital and integrating them
with other clinical information.

Al in Alzheimer’s Disease
and Dementia

Neurodegenerative diseases such as Alzheimer’s
disease are particularly suitable for precision
medicine because of their complex and pro-
gressive nature. Individuals with similar clinical
diagnoses can have substantially different rates
of cognitive decline and different combinations of
pathological changes. Al can potentially help iden-
tify these differences by integrating imaging, cog-
nitive, genetic, biochemical, and clinical informa-
tion.

Machine learning models can analyze structural
MRI to identify patterns of brain atrophy as-
sociated with neurodegeneration. Other AI ap-
proaches can examine PET imaging and identify
metabolic patterns associated with Alzheimer’s
disease. In addition, natural language process-
ing can analyze speech and written language to
identify subtle changes in vocabulary, sentence
structure, semantic organization, and communi-
cation patterns. These digital biomarkers may
complement conventional cognitive assessments
and provide opportunities for repeated or remote

28
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evaluation.

An important potential application is the pre-
diction of progression from mild cognitive im-
pairment to dementia. Al models can integrate
longitudinal clinical and imaging data to identify
individuals at higher risk of progression. This
may support earlier counseling, closer monitor-
ing, lifestyle interventions, and appropriate treat-
ment planning. Al may also contribute to the
identification of individuals who are most likely
to benefit from specific therapeutic approaches.
However, because neurological diseases are bio-
logically complex, Al predictions should be inter-
preted alongside clinical evaluation rather than
used as independent diagnostic decisions.

Al in Parkinson'’s Disease

Parkinson’s disease is another neurological dis-
order in which Al-driven precision care may
provide substantial benefits. Diagnosis and moni-
toring traditionally rely heavily on clinical as-
sessment of motor symptoms, including brady-
kinesia, rigidity, tremor, and postural instability.
These assessments can be influenced by examiner
experience and may not fully capture fluctuations
occurring throughout the day.

Al can provide more continuous and object-
ive measurements by analyzing data from wear-
able sensors, smartphones, video recordings, and
other digital technologies. Machine learning algo-
rithms can quantify gait characteristics, tremor

29
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frequency, movement speed, balance, and other
motor features. Speech analysis may also identify
changes associated with Parkinson’s disease and
disease progression. These technologies may en-
able more frequent monitoring without requiring
patients to attend a clinical appointment for every
assessment.

The integration of digital biomarkers with clinical
records could generate individualized disease tra-
jectories. For example, changes in gait or tremor
recorded continuously through wearable devices
could be combined with medication schedules
and patient-reported symptoms to identify fluc-
tuations in disease control. Such information
may support more individualized medication ad-

justment and rehabilitation planning. AI could
therefore contribute to a more dynamic model of
Parkinson’s disease management in which treat-
ment decisions are informed by continuous real-
world data rather than occasional clinical assess-

ments.

Al in Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory
and neurodegenerative disease with considerable
variability in clinical presentation and progres-
sion. MRI plays a central role in diagnosis and
monitoring, but the interpretation of numerous
lesions over time can be complex. Al-based im-
aging systems may assist with lesion detection,
segmentation, classification, and quantification.

30
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Automated MRI analysis can help identify new or
enlarging lesions and quantify changes in lesion
burden. AI may also contribute to the prediction of
disease progression by combining imaging char-
acteristics with demographic, clinical, and labora-
tory variables. Such models could assist in iden-
tifying patients who may be at increased risk of
disability progression and therefore require closer
monitoring or earlier treatment modification.
Another potential application is treatment re-
sponse prediction. Different patients with MS
may respond differently to disease-modifying
therapies, and treatment selection often involves
balancing expected benefits and potential adverse
effects. AI models that integrate clinical charac-
teristics, imaging findings, biomarkers, and treat-
ment history may eventually support more in-
dividualized therapeutic decisions. This approach
could reduce reliance on generalized treatment
pathways and improve the alignment between
therapy and patient-specific disease characteris-
tics.

Al and Neuro-Oncology
Brain tumors represent a complex area of neuro-
logical medicine in which AI can contribute to
diagnosis, classification, treatment planning, and
prognosis. Neuroimaging provides substantial in-
formation about tumor location, size, morph-
ology, enhancement patterns, and surrounding
tissue, but interpretation can be challenging. Deep
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learning algorithms can assist in tumor detection
and segmentation and can potentially distinguish
between different tumor types and grades.
Al-based radiomics may provide additional infor-
mation by extracting quantitative features from
medical images that are not readily visible dur-
ing routine visual assessment. These features
can be combined with clinical and molecular in-
formation to improve tumor classification and
prediction of prognosis. In the future, integrated
imaging and molecular models may contribute
to more precise characterization of individual tu-
mors.

Al can also support treatment planning by provid-
ing information about tumor boundaries, func-
tional brain regions, and expected outcomes. In
combination with surgical navigation and other
technologies, AI may help clinicians plan proced-
ures while minimizing damage to healthy tissue.
Predictive models may also assist in estimating re-
currence risk and treatment response, potentially
supporting more individualized follow-up strat-
egies.

Al and Neurological Rehabilitation
Neurological rehabilitation is another important
area in which AI can support precision care. Pa-
tients recovering from stroke, traumatic brain in-
jury, spinal cord injury, Parkinson’s disease, and
other neurological conditions frequently have
highly individualized rehabilitation needs. Trad-
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itional rehabilitation programs are often adjusted
according to clinical assessment, but continuous
measurement of function can provide additional
information.

Al can analyze movement, gait, speech, muscle ac-
tivity, and other physiological signals to monitor
recovery. Wearable sensors and computer vision
systems can capture movement patterns during
rehabilitation exercises and provide quantitative
feedback. Machine learning algorithms can iden-
tify changes in performance and potentially pre-
dict the likelihood of functional recovery. These
capabilities may help clinicians determine which
interventions are most appropriate for individual
patients and modify rehabilitation intensity ac-
cording to progress.

Al-assisted rehabilitation may also support home-
based care. Digital platforms can provide exer-
cises, monitor adherence, and analyze perform-
ance remotely. Patients may receive personalized
feedback based on their movement patterns, while
clinicians can review longitudinal data and iden-
tify individuals who require additional interven-
tion. This approach could improve continuity of
care and reduce the need for frequent hospital
visits, particularly for patients with mobility limi-
tations.

Al and Personalized
Treatment Selection
Precision neurological care requires more than
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accurate diagnosis. It also requires selecting the
most appropriate treatment for each patient.
Treatment response can vary considerably be-
cause of differences in genetics, disease mechan-
isms, comorbidities, age, lifestyle, and previous
treatment exposure. AI may help identify these
differences and support individualized treatment
selection.

Machine learning can analyze large clinical da-
tasets to identify characteristics associated with
treatment response or adverse outcomes. In epi-
lepsy, for example, predictive models may help
identify patients who are more likely to respond
to specific antiseizure medications or surgical ap-
proaches. In neurodegenerative diseases, AI may
support the identification of individuals with par-
ticular biological profiles who could benefit from
targeted therapies. In rehabilitation, Al can help
match patients with interventions based on func-
tional characteristics and predicted recovery pat-
terns.

However, treatment recommendations generated
by AI require careful clinical evaluation. As-
sociations identified by machine learning do
not necessarily establish causality, and models
developed using retrospective datasets may not
perform equally well in different populations. Pro-
spective validation and integration with clinical
expertise are therefore essential before AI-gen-
erated treatment recommendations are incorpor-
ated into routine neurological practice.
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Al and Wearable Technologies

Wearable technologies have expanded the po-
tential for continuous neurological monitoring.
Smartwatches, smartphones, motion sensors, and
other portable devices can collect physiological
and behavioral information in real-world environ-
ments. Al can process these data to identify subtle
changes in neurological function that may not be
apparent during short clinical examinations.

For patients with Parkinson’s disease, wearable
devices can monitor tremor, gait, activity, and
movement fluctuations. For epilepsy, wearable
technologies may capture physiological changes
associated with seizures. In stroke rehabilitation,
sensors can monitor limb movement and activ-
ity levels. These data can provide clinicians with
a more complete understanding of patients’ daily
functional status.

The integration of wearable data with electronic
health records and other clinical information
could create dynamic patient profiles. Instead of
evaluating neurological status only during peri-
odic appointments, clinicians may eventually have
access to continuously updated information re-
garding symptoms and functional performance.
This transition could facilitate earlier detection of
deterioration and more timely intervention.

Al and Genomic Precision
Neurology
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Genomic information represents another import-
ant component of precision neurological care.
Many neurological diseases have genetic compo-
nents, and genetic variation can influence dis-
ease susceptibility, progression, and treatment re-
sponse. Al can analyze large genomic datasets and
identify complex relationships between genetic
variants and neurological phenotypes.

Machine learning can support the classification of
genetic variants and the identification of patterns
associated with rare neurological disorders. This
may help shorten the diagnostic process for pa-
tients with unexplained neurological symptoms.
Al can also integrate genomic information with
imaging, clinical features, and biochemical bio-
markers to produce more comprehensive disease
models.

In the future, multimodal genomic and clinical
AI may support individualized risk prediction and
therapeutic selection. Nevertheless, genomic Al
raises additional ethical considerations, including
privacy, informed consent, potential discrimin-
ation, and the interpretation of uncertain genetic
findings. Appropriate governance is therefore es-
sential for responsible implementation.

Al and Clinical Decision Support
Clinical decision support represents one of the
most practical applications of AI in neurology.
Clinicians must frequently integrate large
amounts of information when making diagnostic
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and therapeutic decisions. AI systems can assist
by summarizing clinical information, identifying
relevant patterns, estimating risk, and presenting
possible diagnostic or therapeutic options.
Natural language processing and large language
models may be particularly useful for process-
ing unstructured clinical information. Medical
records contain substantial amounts of narra-
tive data, including consultation notes, discharge
summaries, imaging reports, and patient descrip-
tions. Al can extract relevant information and or-
ganize it into clinically meaningful summaries.
Large language models may also support patient
education by translating complex neurological
information into understandable language. They
can help generate educational materials, explain
treatment options, and support communication
between clinicians and patients. However, the pos-
sibility of inaccurate, outdated, or fabricated in-
formation requires careful oversight. Al-generated
clinical information should therefore be verified
by qualified healthcare professionals before being
used for patient care.

Challenges And Ethical
Considerations
Despite substantial potential, the implementation
of Al in neurological medicine faces important
challenges. One major concern is data quality. Al
models learn from the datasets used during devel-
opment, and incomplete, inaccurate, or unrepre-
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sentative data can produce unreliable predictions.
Neurological diseases may also be underrepre-
sented in certain populations, creating concerns
about generalizability and health inequity.
Algorithmic bias is another important issue. If Al
systems are developed primarily using data from
particular geographic, demographic, or socio-
economic populations, their performance may be
reduced in populations that differ from the de-
velopment cohort. External validation across mul-
tiple healthcare systems and diverse patient popu-
lations is therefore essential.

Interpretability is also important because clin-
icians and patients may be reluctant to rely on pre-
dictions that cannot be understood or explained.
Explainable Al approaches aim to identify the vari-
ables and patterns contributing to model predic-
tions. Although explainability does not guarantee
accuracy, it can improve transparency and facili-
tate clinical evaluation.

Privacy and data security are additional concerns.
Neurological datasets may contain highly sen-
sitive clinical, genomic, behavioral, and physio-
logical information. Appropriate safeguards are
required to protect patients and maintain trust.
Clear policies concerning data ownership, con-
sent, storage, and secondary use are essential.
Professional responsibility must also remain clear.
Al should support clinical reasoning rather than
replace it. The final responsibility for diagno-
sis and treatment should remain with qualified
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healthcare professionals who can consider con-
textual information, patient preferences, and eth-
ical factors that may not be fully represented in an
algorithm.

Future Directions

The future of Al-driven precision care in
neurology will likely involve the integration of
multimodal and longitudinal information. Rather
than relying on a single imaging study, laboratory
test, or clinical assessment, future systems may
combine neuroimaging, electrophysiology, gen-
omics, digital biomarkers, electronic health rec-
ords, and patient-reported outcomes. Such inte-
gration could produce individualized neurological
profiles that evolve over time.

Digital twins represent one potential future direc-
tion. A neurological digital twin could theoretic-
ally integrate patient-specific biological and clin-
ical information to simulate disease progression
and estimate the effects of different interven-
tions. Although this concept remains under devel-
opment, it illustrates the potential of AI to move
neurological care from reactive treatment toward
predictive and preventive management.

Another important direction is the development
of Al systems that can operate continuously in
clinical and home environments. Wearable devices
and remote monitoring platforms may allow al-
gorithms to identify early changes in neurological
function and notify clinicians before signifi-
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cant deterioration occurs. This could be particu-
larly valuable for chronic neurological diseases in
which progression may be gradual and difficult to
recognize during routine appointments.

Future AI systems should also be developed
through close collaboration among neurologists,
data scientists, engineers, patients, ethicists, and
healthcare organizations. Co-design can help en-
sure that AI tools address clinically meaning-
ful problems rather than simply demonstrating
technical performance. Prospective clinical trials,
external validation, transparent reporting, and
evaluation of real-world outcomes will be es-
sential for determining whether AI technologies
genuinely improve patient care.

Conclusion
Al-driven precision care has the potential to
transform neurological medicine by enabling
more accurate diagnosis, individualized risk pre-
diction, personalized treatment selection, con-
tinuous monitoring, and tailored rehabilitation.
Through the integration of neuroimaging, elec-
trophysiology, genomic information, electronic
health records, wearable technologies, and pa-
tient-reported data, Al can provide a more compre-
hensive understanding of individual neurological
disease. Its applications span acute conditions
such as stroke and seizures as well as chronic dis-
orders including Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, and other neurodegen-
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erative conditions.

The most important contribution of AI may
be its ability to shift neurological care from a
predominantly reactive model toward a predict-
ive, preventive, and personalized approach. Early
identification of high-risk patients, continuous
monitoring of disease trajectories, and individual-
ized treatment strategies could improve outcomes
while supporting more efficient use of healthcare
resources. Nevertheless, technological capability
aloneisinsufficient. Concerns regarding data qual-
ity, bias, privacy, interpretability, generalizability,
and professional accountability must be addressed
before widespread implementation.

Ultimately, Al should function as a clinical part-
ner rather than an autonomous replacement for
neurological expertise. The combination of com-
putational power, large-scale data analysis, and
human clinical reasoning can establish a more pre-
cise and patient-centered model of neurological
care. With rigorous validation, responsible gov-
ernance, and meaningful integration into clinical
workflows, Al-driven technologies may become an
important foundation for the next generation of
precision medicine in neurological diseases.
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3. AI-DRIVEN PRECISION CARE
FOR INFECTIOUS DISEASES

Background

Infectious diseases remain a major global health
challenge, requiring timely detection, accurate
diagnosis, and targeted treatment strategies to re-
duce morbidity, mortality, and transmission. Con-
ventional infectious disease management largely
depends on laboratory confirmation, clinical cod-
ing systems, and empirical antimicrobial therapy,
which can delay interventions and limit individu-
alized care. In recent years, artificial intelligence
(AI) and machine learning (ML) technologies have
emerged as powerful tools capable of transform-
ing infectious disease care by enabling data-
driven, precision-based clinical decision-making.
These technologies can integrate heterogeneous
health data, including electronic health rec-
ords, genomic information, biosignals, and clin-
ical narratives, to identify disease patterns, predict
outcomes, and support personalized therapeutic
strategies.

One major area of Al application is the early detec-
tion and surveillance of infectious diseases using
large-scale clinical data sources. Advanced natural
language processing models applied to unstruc-
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tured primary care records have demonstrated the
ability to detect atypical disease clusters without
predefined diagnostic labels, enabling earlier rec-
ognition of emerging outbreaks. Such approaches
have successfully identified signals consistent
with COVID-19, respiratory syncytial virus (RSV),
and simulated West Nile virus cases before wide-
spread clinical confirmation, illustrating the po-
tential of Al-driven surveillance systems in public
health preparedness.

Al is also improving diagnostic accuracy through
novel digital biomarkers and multimodal data
analysis. Deep learning architectures, such as
convolutional neural networks, and pretrained
models, such as ResNet and EfficientNet, have

demonstrated high performance in classifying
infectious diseases based on cough audio sig-
nals, achieving accuracy rates exceeding 98% in
respiratory infection detection. These noninvasive
and scalable screening tools may facilitate rapid
triage and early intervention in community and
telemedicine settings.

Beyond detection and diagnosis, Al is increas-
ingly used to support treatment decisions and
antimicrobial stewardship. Recent evaluations of
large language models for antibacterial therapy
selection show that Al systems can generate treat-
ment recommendations with substantial agree-
ment with infectious disease specialists, high-
lighting their potential role as clinical decision-
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support tools. However, these models may exhibit
a tendency toward broader-spectrum antibiotic
recommendations, underscoring the importance
of careful clinical oversight and model refinement
to prevent unintended impacts on antimicrobial
resistance.

In parallel, advances in precision diagnostics are
integrating immunoprofiling, sequencing tech-
nologies, and machine learning to better char-
acterize host-pathogen interactions and predict
disease progression. Al-enabled analytical plat-
forms can analyze immune response signatures at
molecular resolution to support differential diag-
nosis, predict treatment response, and improve
patient stratification across diverse infectious dis-
eases. These developments reflect a broader shift
toward precision medicine frameworks that in-
corporate biological, clinical, and digital data to
guide personalized care.

Despite the rapid progress of Al-driven ap-
proaches, challenges remain regarding model
transparency, generalizability across healthcare
systems, data quality, and regulatory oversight.
Addressing these challenges will be essential to
ensure the safe and equitable deployment of Al
technologies in clinical practice. Therefore, under-
standing the current capabilities and limitations
of Al-driven precision care is crucial for guiding
future research and implementation in infectious
disease medicine.
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Al-Based Early Detection
And Diagnosis

Early diagnosis is a fundamental component of
effective infectious disease management. Delayed
identification of infection can result in disease
progression, complications, prolonged hospital-
ization, increased transmission, and inappropri-
ate antimicrobial exposure. Traditional diagnostic
methods may require substantial time, specialized
laboratory infrastructure, or invasive sampling.
Al can complement these approaches by analyz-
ing clinical information and identifying patterns
associated with infection before definitive labora-
tory confirmation becomes available.

Machine learning models can integrate demo-
graphic characteristics, vital signs, symp-
toms, laboratory parameters, medication history,
comorbidities, and previous healthcare encoun-
ters to estimate the probability of infection. In
emergency departments, such models may help
distinguish infectious from noninfectious causes
of fever, respiratory symptoms, altered mental
status, or hemodynamic instability. In hospital-
ized patients, continuously updated models can
identify subtle changes associated with develop-
ing infection or sepsis and may provide an earlier
warning than conventional clinical scoring sys-
tems.

Natural language processing has an important role
in this area because substantial infectious disease
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information is contained within unstructured
clinical documentation. Physician notes, nursing
records, microbiology reports, radiology reports,
and discharge summaries can contain informa-
tion that is difficult to incorporate into conven-
tional statistical models. NLP systems can extract
symptoms, exposure history, travel history, previ-
ous infections, antimicrobial use, and suspected
sources of infection from these records. When
combined with structured clinical information,
this approach may improve diagnostic prediction
and facilitate more comprehensive clinical assess-
ment.

Al can also support the diagnosis of specific
infections through medical imaging. Deep learn-
ing models have been investigated for identify-
ing pulmonary infections on chest radiographs
and computed tomography, detecting character-
istic patterns associated with tuberculosis, pneu-
monia, and other respiratory infections. Similar
approaches have been explored for skin infections,
ocular infections, neurological infections, and
other diseases in which visual findings contribute
to diagnosis. These systems may be particularly
valuable in settings where specialist interpret-
ation is limited.

Al And Pathogen Identification
Rapid and accurate pathogen identification is
essential for selecting appropriate therapy and
controlling transmission. Conventional microbio-
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logical culture remains an important diagnostic
method, but results may take hours or days, and
some pathogens are difficult to culture. Molecu-
lar diagnostic methods have substantially reduced
diagnostic time, but they may be expensive or un-
available in resource-limited environments.

Al can enhance pathogen identification by ana-
lyzing molecular and genomic data. Machine
learning models can identify pathogen-specific
genomic signatures, classify organisms, detect
genetic determinants of antimicrobial resistance,
and distinguish closely related strains. Metagen-
omic sequencing generates particularly large da-
tasets containing genetic material from multiple
organisms. Al can help interpret these datasets by
distinguishing pathogenic organisms from com-
mensal microorganisms and environmental con-
taminants.

Genomic analysis can also contribute to precision
infectious disease care by identifying pathogen
characteristics that influence virulence, transmis-
sion, and antimicrobial susceptibility. AI models
may recognize combinations of genetic variants
associated with resistance or treatment failure.
This information can complement conventional
susceptibility testing and potentially shorten the
time required to select effective therapy.
Al-supported genomic surveillance is also import-
ant at the population level. By analyzing pathogen
sequences from different geographic regions and
time periods, machine learning systems can iden-
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tify transmission patterns, detect emerging vari-
ants, and support outbreak investigations. This
approach became particularly relevant during the
COVID-19 pandemic, when genomic surveillance
was used to monitor viral evolution and identify
emerging variants. Similar strategies can be ap-
plied to influenza, tuberculosis, antimicrobial-re-
sistant bacteria, and other infectious threats.

Al For Sepsis Detection And
Clinical Deterioration

Sepsis represents one of the most important appli-
cations of Al in acute infectious disease care. The
condition can progress rapidly, and early recog-
nition is associated with improved opportunities
for intervention. However, sepsis diagnosis is chal-
lenging because its clinical manifestations overlap
with numerous noninfectious conditions, and pa-
tients may present with different combinations of
symptoms and physiological abnormalities.

Al systems can continuously analyze vital signs,
laboratory results, medication administration,
clinical documentation, and other longitudinal
information to estimate the probability of sep-
sis or clinical deterioration. Unlike conventional
scores that are calculated at specific time points,
dynamic machine learning models can update risk
estimates as new information becomes available.
This capability may provide clinicians with earlier
warnings and allow closer monitoring of high-risk
patients.
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Deep learning models can also identify combin-
ations of relatively subtle abnormalities that may
not individually indicate severe infection. Changes
in heart rate, respiratory rate, blood pressure,
temperature, oxygen saturation, renal function,
white blood cell count, lactate, and other labora-
tory parameters may collectively indicate deterior-
ation. Al can integrate these variables and gener-
ate individualized risk estimates.

However, Al-based sepsis prediction must be
implemented carefully. False-positive alerts may
contribute to alarm fatigue and unnecessary anti-
microbial treatment. Conversely, false-negative
predictions could provide inappropriate reassur-
ance. Therefore, Al should function as a decision-
support mechanism rather than an independent
diagnostic authority. Clinical assessment, micro-
biological evidence, and professional judgment re-
main essential.

Precision Antimicrobial Therapy
Antimicrobial therapy represents another major
area in which AI may facilitate precision care.
The selection of antibiotics is frequently made
before the causative pathogen and susceptibility
profile are known. Empirical therapy is necessary
in many clinical situations, particularly in severe
infections, but inappropriate antimicrobial selec-
tion can contribute to treatment failure, adverse
effects, and antimicrobial resistance.

Machine learning models can estimate the prob-
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ability that a particular pathogen is susceptible
to an antimicrobial based on previous microbio-
logical results, patient characteristics, local resist-
ance patterns, prior antimicrobial exposure, and
clinical features. These models can potentially
support individualized empirical therapy while
microbiological confirmation is pending.

Al can also assist with antimicrobial dosing.
Drug pharmacokinetics and pharmacodynamics
vary considerably between individuals, particu-
larly among critically ill patients and those with
renal or hepatic dysfunction. Machine learning
models can integrate renal function, body weight,
age, drug concentrations, organ-support require-
ments, and other variables to estimate drug expos-
ure and support individualized dosing.
Therapeutic drug monitoring may benefit from
Al-driven approaches because concentration
measurements can be combined with longitu-
dinal clinical data to estimate patient-specific
pharmacokinetic parameters. This approach may
be particularly relevant for antibiotics with nar-
row therapeutic windows. By helping maintain
effective drug exposure while reducing excessive
concentrations, Al could support both treatment
effectiveness and patient safety.

Al And Antimicrobial Stewardship
Antimicrobial resistance is one of the most serious
challenges facing infectious disease medicine. The
inappropriate use of antibiotics accelerates resist-
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ance, while insufficient treatment may result in
treatment failure. Antimicrobial stewardship pro-
grams aim to ensure that antimicrobial therapy
is appropriate in terms of indication, agent, dose,
route, and duration.

Al can support stewardship by identifying pa-
tients who are unlikely to benefit from antibiot-
ics, predicting likely pathogens, recommending
narrower-spectrum treatment, and identifying
opportunities for de-escalation. Natural language
processing can analyze clinical documentation
and antimicrobial indications to identify poten-
tially inappropriate prescriptions. Machine learn-
ing can also evaluate local resistance patterns and
generate institution-specific recommendations.
Another potential application is predicting when
antibiotics can safely be discontinued. In some
patients, prolonged antimicrobial treatment is un-
necessary once infection has been excluded or
clinical improvement has occurred. Al can inte-
grate laboratory trends, clinical trajectory, micro-
biological results, and imaging findings to support
individualized decisions regarding treatment dur-
ation.

Nevertheless, Al-generated antimicrobial recom-
mendations require careful validation. A model
trained on historical prescribing patterns may
reproduce inappropriate prescribing practices or
favor broad-spectrum antibiotics because they
were frequently used in the training data. There-
fore, models must be designed around evidence-
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based stewardship principles rather than simply
learning historical clinical behavior.

Al In Respiratory Infectious Diseases
Respiratory infections represent an important
area for Al-driven precision care because diagno-
sis often depends on a combination of symptoms,
physiological measurements, laboratory tests, and
imaging. AI can support the identification and
classification of respiratory infections by ana-
lyzing chest radiographs, computed tomography,
cough sounds, oxygen saturation, and clinical
data.

Deep learning models have demonstrated the abil-
ity to recognize imaging patterns associated with
pneumonia and other pulmonary infections. Al-
based analysis may help distinguish infectious in-
filtrates from alternative causes of pulmonary ab-
normalities and may support rapid triage in emer-
gency and outpatient settings.

Audio-based AI represents another emerging ap-
proach. Cough recordings can contain information
about airway inflammation, respiratory obstruc-
tion, and pulmonary disease. Machine learning
models can analyze acoustic characteristics of
coughs and potentially identify individuals who
require further testing. Because audio collection
can be performed using smartphones or other ac-
cessible devices, this technology may have applica-
tions in remote and community-based screening.
During respiratory outbreaks, Al can also support
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population-level surveillance by analyzing health-
care utilization, symptom reports, diagnostic re-
sults, and other digital signals. Early recognition
of unusual increases in respiratory symptoms may
contribute to outbreak detection and public health
response.

Al In Tuberculosis And Other
Chronic Infections

Tuberculosis remains a major infectious disease
burden in many parts of the world, and delayed
diagnosis contributes to continued transmission.
Al-based imaging analysis can support tubercu-
losis screening by identifying suspicious abnor-
malities on chest radiographs. Such systems may
be particularly useful in settings where access to
expert radiologists is limited.

Al can also integrate demographic, clinical, radio-
logical, and laboratory information to estimate
the probability of active tuberculosis. In com-
bination with molecular testing, Al-supported
screening may improve case identification and fa-
cilitate earlier treatment.

Other chronic infections may similarly benefit
from precision approaches. Hepatitis B and hepa-
titis C management involves long-term monitor-
ing of viral activity, liver function, treatment
response, and disease progression. Machine learn-
ing can integrate longitudinal laboratory meas-
urements and clinical characteristics to predict
progression and identify patients requiring closer
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Al In Viral Infections And
Outbreak Prediction

The COVID-19 pandemic accelerated the de-
velopment and application of AI in infectious
disease medicine. Al was investigated for diagno-
sis, prognosis, imaging analysis, epidemiological
forecasting, drug discovery, genomic surveillance,
and health system planning. Although many early
models had methodological limitations, the pan-
demic demonstrated the potential value of inte-
grating clinical and population-level data.

Al can contribute to outbreak prediction by ana-
lyzing epidemiological, environmental, mobility,
climate, and healthcare utilization data. Infectious
disease transmission is influenced by multiple
interacting factors, including population density,
human mobility, temperature, precipitation, vac-
cination coverage, and pathogen characteristics.
Machine learning can identify nonlinear relation-
ships among these variables and estimate future
transmission patterns.

Forecasting models may support allocation of hos-
pital beds, personal protective equipment, diag-
nostic tests, vaccines, and medications. At the
individual level, AI can estimate the probability
of severe disease based on age, comorbidities, im-
mune status, laboratory results, and other clinical
variables. Such risk stratification may assist in
prioritizing monitoring and preventive interven-
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Al And Host Immune Response
Precision infectious disease care should consider
not only the pathogen but also the individual host
response. Patients infected with the same patho-
gen can experience markedly different outcomes.
Some develop mild or asymptomatic disease,
whereas others experience severe inflammation,
organ dysfunction, or death.
Al can analyze immune biomarkers, cytokine pro-
files, transcriptomic information, genomic char-
acteristics, and clinical measurements to identify
distinct host-response patterns. These approaches
may reveal biological subgroups with different
risks and treatment requirements.
Host-response profiling could be particularly valu-
able in sepsis, where clinical deterioration may re-
sult from a complex interaction between infection
and dysregulated immune responses. Machine
learning may help identify patients with different
biological phenotypes and support more individu-
alized treatment strategies.
The integration of host and pathogen information
could eventually produce a more comprehensive
precision framework. Rather than asking only
which pathogen is present, clinicians could con-
sider which pathogen is present, how susceptible
it is to available treatments, how the patient's im-
mune system is responding, and how the disease is
likely to evolve.
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Al In Infectious Disease
Drug Discovery

Drug development for infectious diseases is chal-
lenging because pathogens evolve rapidly and re-
sistance can reduce the effectiveness of existing
treatments. AI can accelerate several stages of
drug discovery by analyzing molecular structures,
predicting drug-target interactions, identifying
potential antimicrobial compounds, and estimat-
ing toxicity.
Machine learning can screen large chemical librar-
ies more rapidly than conventional experimen-
tal approaches. Deep learning models can identify
molecular patterns associated with antimicrobial
activity and prioritize compounds for laboratory
testing. AI can also investigate existing drugs
for potential activity against emerging pathogens,
supporting drug repurposing strategies.
Another application involves predicting anti-
microbial resistance. By modeling interactions
between pathogen genomes, drug exposure, and
resistance mechanisms, Al may help identify com-
pounds less vulnerable to existing resistance path-
ways. Although experimental validation remains
essential, AI can reduce the number of candidate
compounds requiring laboratory investigation.

Al And Personalized Infectious
Disease Monitoring
Continuous monitoring represents an important
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component of precision infectious disease care.
Wearable devices can provide information about
temperature, heart rate, respiratory rate, oxygen
saturation, physical activity, and sleep. Al can ana-
lyze these longitudinal signals to identify devi-
ations from an individual's baseline.

This approach may support early recognition of
infection before the patient develops severe symp-
toms. Personalized monitoring may be particu-
larly useful for vulnerable populations, including
older adults, immunocompromised individuals,
and patients with multiple chronic diseases.
Remote monitoring can also support follow-up
after hospitalization. Al systems may identify pat-
terns suggesting recurrent infection, treatment
failure, or delayed recovery and prompt earlier
clinical evaluation. Such approaches could reduce
avoidable readmissions and provide patients with
more continuous care.

Al And Clinical Decision Support
Al-driven clinical decision support systems can
integrate information from multiple sources and
present individualized recommendations to clin-
icians. In infectious disease medicine, these sys-
tems may support differential diagnosis, anti-
microbial selection, diagnostic testing, treatment
duration, isolation decisions, and follow-up plan-
ning.

Large language models have introduced additional
opportunities because they can interpret and sum-
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marize complex clinical information. They may
assist clinicians in reviewing medical literature,
summarizing patient histories, explaining diag-
nostic considerations, and generating structured
clinical documentation.

However, large language models may generate
inaccurate or unsupported information. Their
outputs should therefore be treated as decision-
support content rather than definitive medical
recommendations. Clinical validation, source veri-
fication, and human oversight remain essential.

Al In Pediatric And Vul-
nerable Populations

Precision infectious disease care is particularly
important in populations in which disease presen-
tation and treatment response differ from those
of the general population. Children may have age-
dependent physiological characteristics and differ-
ent patterns of pathogen exposure. Older adults
may present with atypical symptoms and have
multiple comorbidities. Immunocompromised pa-
tients may experience unusual infections or rapid
deterioration.

Al models trained on representative datasets
may help identify population-specific patterns
and improve individualized risk assessment. How-
ever, underrepresentation of vulnerable groups in
training datasets can also create bias. Therefore,
model development should intentionally include
diverse populations and should evaluate perform-
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ance across age groups, sex, geographic regions,
socioeconomic backgrounds, and clinical settings.

Challenges And Ethical
Considerations

Despite its considerable potential, Al-driven preci-
sion care for infectious diseases presents import-
ant challenges. Data quality is a fundamental
concern. Clinical datasets may contain miss-
ing values, inconsistent documentation, measure-
ment errors, and changes in diagnostic practices
over time. Models trained on such data may pro-
duce unreliable predictions when applied to differ-
ent healthcare systems.

Generalizability is another major issue. A model
developed in a tertiary hospital may perform
differently in a community clinic or resource-
limited setting. Differences in pathogen preva-
lence, antimicrobial resistance, patient demo-
graphics, laboratory infrastructure, and clinical
practice can substantially influence performance.
Algorithmic bias is particularly important because
infectious diseases disproportionately affect many
underserved populations. If training datasets in-
adequately represent these populations, AI sys-
tems may perform less accurately for them and
potentially increase existing healthcare dispar-
ities.

Privacy and data security must also be considered.
Precision infectious disease systems may require
sensitive clinical, genomic, and epidemiological

60

AI-DRIVEN PRECISION CARE FOR CHRONIC DISEASES

information. Appropriate governance is essential
to ensure that data are collected, stored, analyzed,
and shared responsibly.

Interpretability is another important consider-
ation. Clinicians may be reluctant to rely on pre-
dictions that cannot be understood or evaluated.
Explainable AI approaches can help identify the
factors contributing to a prediction and may im-
prove clinician confidence while allowing poten-
tial errors to be recognized.

Finally, responsibility for Al-supported decisions
must remain clear. Al should augment clinical ex-
pertise rather than replace it. Clinicians must re-
tain the ability to question, override, and context-
ualize AI recommendations.

Future Directions

Future infectious disease care is likely to involve
increasingly sophisticated multimodal AI systems
capable of integrating clinical, genomic, microbio-
logical, imaging, environmental, and epidemio-
logical information. Such systems could generate
continuously updated patient-specific risk profiles
and provide recommendations that evolve as new
information becomes available.

Digital twins represent a particularly ambitious
future direction. A patient's clinical and biological
information could potentially be integrated into
a dynamic computational model that simulates
disease progression and treatment response. Al-
though this technology remains developing, it
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could eventually support individualized thera-
peutic planning.

Al may also contribute to global infectious disease
preparedness by integrating pathogen surveil-
lance with environmental and population-level
information. Real-time systems could identify un-
usual patterns, detect emerging outbreaks, pre-
dict healthcare demand, and support rapid public
health interventions.

The future development of AI should focus not
only on increasingly accurate algorithms but also
on prospective clinical validation, interoperabil-
ity, transparency, fairness, and usability. Multidis-
ciplinary collaboration among infectious disease
specialists, microbiologists, epidemiologists, data
scientists, public health experts, ethicists, and pa-
tients will be necessary to ensure that Al technolo-
gies address meaningful clinical needs.

Conclusion
Al-driven precision care has the potential to trans-
form infectious disease medicine by shifting man-
agement from generalized and predominantly re-
active strategies toward individualized, predictive,
and data-driven care. AI can support early de-
tection, pathogen identification, antimicrobial se-
lection, treatment monitoring, sepsis prediction,
outbreak surveillance, and individualized risk as-
sessment. By integrating clinical, laboratory, gen-
omic, imaging, physiological, and epidemiological
information, AI can identify complex patterns
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that may remain difficult to recognize through
conventional approaches.

The greatest potential lies not in replacing infec-
tious disease specialists but in augmenting their
ability to interpret complex information and make
timely decisions. AI can provide continuous risk
assessment, identify patients requiring closer at-
tention, support antimicrobial stewardship, and
facilitate more precise therapeutic strategies. At
the same time, limitations involving data quality,
generalizability, bias, transparency, privacy, and
clinical accountability must be addressed before
widespread implementation.

Ultimately, Al-driven precision care should be
understood as a partnership between advanced
computational systems and clinical expertise.
When appropriately validated and responsibly
implemented, AI can strengthen infectious dis-
ease diagnosis and management while support-
ing more efficient, equitable, and patient-centered
healthcare. The integration of pathogen character-
istics with host biology, longitudinal clinical in-
formation, and population-level surveillance may
provide the foundation for a new generation of
infectious disease medicine in which prevention,
early recognition, and personalized treatment be-
come increasingly achievable.




MEHRDAD FARROKHI

4. AI-DRIVEN PRECISION CARE
FOR CARDIAC DISEASES

Background

Cardiovascular diseases are not single, uniform
conditions. In clinical practice, patients with the
same diagnosis, such as heart failure, coronary
artery disease, atrial fibrillation, or cardiomyop-
athy, may have very different underlying mech-
anisms, comorbidities, imaging findings, genetic
backgrounds, and responses to treatment. This is
one reason why precision cardiovascular care has
become increasingly important. Rather than treat-
ing a diagnostic label alone, precision care seeks to
understand the individual patient, including the
disease subtype, expected clinical trajectory, and
intervention most likely to provide benefit. Artifi-
cial intelligence (AI), including machine learning
and deep learning, may support this approach by
analyzing complex information from electrocar-
diograms, cardiac imaging, biomarkers, wearable
devices, electronic health records, and molecular
data.

Why Cardiology Is Uniquely
Suited For Al

Cardiology is one of the medical fields in which
Al has particularly strong potential because rou-
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tine cardiovascular care already generates large
amounts of measurable data. ECGs, echocardio-
grams, cardiac CT, cardiac MRI, blood biomarkers,
invasive hemodynamic measurements, implant-
able devices, and wearable monitors all produce
signals that can be analyzed quantitatively. Some
of these signals are readily apparent to clinicians,
while others may be too subtle or too complex
to detect through visual interpretation alone. The
value of Al is therefore not to replace clinical judg-
ment, but to help clinicians recognize hidden pat-
terns, reduce variability, improve workflow, and
identify patients who may need earlier or more
specific evaluation. In this sense, Al should be
viewed as a clinical support tool rather than an in-
dependent decision-maker.

Al-Enhanced Electrocardiography
In Early Cardiac Detection
A good example is the ECG, which is already
an integral part of routine cardiac care. Al-en-
hanced electrocardiography is one of the clearest
examples of how an ordinary clinical test can be
used in a more precise way. The ECG is inex-
pensive, non-invasive, widely available, and com-
monly performed in both outpatient and inpatient
settings. Traditionally, clinicians use ECGs to as-
sess rhythm, conduction abnormalities, ischemic
changes, and some structural clues. However, deep
learning models can extract additional patterns
from ECG waveforms that may not be visible to the
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human eye. Studies have shown that Al-enabled
ECG algorithms can help identify left ventricular
systolic dysfunction and can also detect patients at
risk of atrial fibrillation even when the ECG is re-
corded during sinus rhythm.

This is clinically important because it suggests
that AI may help move cardiac care toward earl-
ier stages of the disease process, before symp-
toms become severe or complications occur. In
practice, such tools could help identify patients
who may benefit from echocardiography, rhythm
monitoring, or closer cardiovascular follow-up. By
extracting additional information from routinely
collected ECG signals, AI may therefore provide an
opportunity to enhance early detection without
requiring a new or invasive diagnostic test.

Al In Cardiac Imaging And
Functional Assessment
Cardiac imaging is another area where AI may
make cardiovascular care more consistent and
individualized. Echocardiography, cardiac CT, nu-
clear imaging, and cardiac MRI are central to diag-
nosis, risk stratification, treatment planning, and
follow-up. At the same time, image acquisition
and interpretation can be time-consuming and
may vary between operators and institutions. Al-
based methods can assist with image segmen-
tation, chamber quantification, ejection fraction
measurement, disease classification, and prognos-
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tic evaluation.

Video-based deep learning applied to echocardiog-
raphy has demonstrated that AI can estimate
cardiac function directly from ultrasound videos
and support beat-to-beat assessment of ventricu-
lar performance. Automated interpretation of sys-
tolic and diastolic function also highlights how
Al may help standardize echocardiographic re-
porting across institutions. These applications are
clinically meaningful because even small changes
in ventricular function, chamber size, or diastolic
parameters can influence diagnosis and manage-
ment. By reducing variability in image interpret-
ation and providing quantitative assessments, Al
may help clinicians obtain more consistent infor-

mation from cardiac imaging and integrate these
findings into individualized clinical decisions.

Risk Prediction, Phenomapping,
And Individualized Treatment
Another important application is cardiovascular
risk prediction and disease subclassification. Trad-
itional risk scores are useful, but they often rely
on a limited number of variables and may not
fully capture complex interactions among age,
sex, comorbidities, imaging findings, biomarkers,
medications, genetics, and social determinants of
health. Machine learning can analyze broader and
more complex datasets, which may help identify
patient groups with different risks or treatment
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needs.

A well-known example is phenomapping in heart
failure with preserved ejection fraction, where un-
supervised learning was used to identify distinct
patient subgroups within a highly heterogeneous
syndrome. This point is especially relevant in
heart failure, where patients with the same clinical
diagnosis may still have different mechanisms,
outcomes, and treatment needs. This type of ap-
proach is important for precision cardiology be-
cause it moves the field away from broad disease
categories and toward more meaningful patient
profiles.

In future practice, these models could support
clinicians in understanding not only whether a
patient is at high risk, but also what type of risk is
present and which intervention may be most ap-
propriate. By combining clinical, imaging, labora-
tory, and other patient-level information, AI-
based models may provide a more comprehensive
assessment of individual cardiovascular risk and
help guide more targeted treatment strategies.

Clinical Implementation
And Responsible Al
However, Al tools should be used cautiously. A
model that performs well in a retrospective data-
set may not necessarily improve care in real clin-
ical practice. Before AI systems are widely adopted
in cardiology, they need external validation, trans-
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parent reporting, fairness testing across differ-
ent patient populations, workflow integration,
and ideally prospective evaluation. Without these
steps, Al may increase unnecessary testing, pro-
duce false reassurance, worsen existing biases, or
reduce clinician trust.

Therefore, responsible AI in cardiology should
follow clear reporting and evaluation standards,
including careful description of training datasets,
validation methods, subgroup performance, and
clinical impact. The goal is not to create autono-
mous systems that bypass clinicians, but to build
trustworthy decision-support tools that enhance
clinical judgment, improve efficiency, and pre-
serve patient safety. Appropriate implementation
should also consider how AI affects clinicians,
patients, and healthcare workflows, ensuring that
technological advances provide meaningful clin-
ical benefits rather than simply introducing add-
itional complexity.

Role of the ECG in Precision Care
for Cardiovascular Diseases
Using artificial intelligence to analyze ECGs en-
ables precision medicine by facilitating the early
identification of asymptomatic left ventricular
systolic and diastolic dysfunction, improving risk
assessment, and predicting mortality and morbid-
ity in patients with heart disease. For instance, a
2019 study at the Mayo Clinic by Zachi I. Attia
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and Suraj Kapa showed that a convolutional neural
network based on electrocardiogram (ECG) data
was developed to detect asymptomatic left ven-
tricular dysfunction (ALVD), a treatable disease for
which there is no simple noninvasive screening
tool. The model identified ventricular dysfunction
(EF <£35%) using ECG alone, achieving high diag-
nostic accuracy (AUC 0.93). Al-based ECG screen-
ing also identified individuals at increased future
risk, providing a low-cost and practical approach
for early detection in asymptomatic individuals.
Another study in 2025 by A. Alrumayh and
P. Bachtiger showed that artificial intelligence-
based single-lead ECG (AI-ECG), beyond detecting
left ventricular systolic dysfunction, can inde-
pendently predict two-year major adverse cardio-
vascular events (MACE) and all-cause mortality.
This association remained significant even after
adjustment for echocardiographic left ventricular
function. In addition, a 2024 study by A. Sau and
B. Zeidaabadi, analyzing over 1.1 million ECGs, in-
dicated that AI-ECG models can predict mortality
using ECG images with performance comparable
to fully digital ECG data. This supports the feasi-
bility of Al-based ECG risk prediction in large-
scale clinical settings, even where digital ECG in-
frastructure is not available.

Arrhythmia prediction using Al-driven analysis of
ECGs with biomarker and genetic information rep-
resents the precision medicine approach, through
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which highly personalized risk assessment and in-
dividualized prevention and intervention can be
achieved. For instance, a 2026 study by K. Ihara
and Y. Nagata involving patients from seven in-
stitutions in Japan revealed that Al-based ECG
(AI-ECG) analysis can effectively identify patients
with paroxysmal atrial fibrillation (PAF) and pro-
vides strong performance in clinical prediction.
The study also showed that adding polygenic risk
scores (PRS) and blood biomarkers offers only
modest value, with limited improvement in risk
stratification beyond AI-ECG alone.

Early prediction and prevention of heart failure
rehospitalization show how Al-driven precision
care for cardiac care works, where advanced al-
gorithms combine clinical data, ECG patterns,
biomarkers, genetic profiles, and patient-specific
variables to enable personalized risk stratification,
proactive intervention, and optimized, individual-
ized management strategies. In a 2025 study by
L.S. Dhingra and A. Aminorroaya across YNHHS,
UK Biobank, and ELSA-Brasil, a noise-adapted Al-
ECG model using single-lead ECGs predicted inci-
dent heart failure with moderate-to-good accur-
acy (AUC [Area Under the Curve] = 0.72-0.83). Posi-
tive AI-ECG screening for left ventricular systolic
dysfunction (LVSD) was associated with a 3-7-fold
higher HF risk and outperformed traditional risk
scores. The authors concluded that this wearable-
compatible approach may enable scalable HF risk
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stratification.

It should be noted that roughly 41 million people
are affected by valvular heart disease (VHD). The
need for accessible, affordable, and noninvasive
screening approaches beyond routine imaging-
based approaches is increasingly felt. In the
meantime, Al-driven analysis of ECG has played
a significant role in transforming the way heart
disease is detected and monitored by enabling ad-
vanced analysis of ECG signals, along with con-
tinuous data from wearable devices and Holter
monitoring. These algorithms identify subclinical
and complex, non-obvious patterns that are not
recognizable through routine clinical evaluation
and can even predict subthreshold changes associ-
ated with early hemodynamic and structural heart
disorders, including valvular disease, which could
allow identification of disease before overt clinical
manifestation, as well as support the prediction of
future disease development. A major shift intro-
duced by this approach is the transition toward
personalized cardiovascular care. In this model,
continuous and multimodal patient-specific data,
including ECG signals, heart rate variability (HRV),
activity metrics, and rhythm characteristics, are
integrated to construct a dynamic and continu-
ously updated cardiovascular risk profile. Un-
like traditional episodic assessments, this strategy
can assist cardiologists in identifying patients at
higher risk of progression or adverse outcomes
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by optimizing the use of diagnostic imaging and
other healthcare resources.

From a clinical view, this represents a shift to-
ward a preventive, data-driven model of care,
where interventions are guided by predicted risk
rather than established disease. Such an approach
has the potential to minimize unnecessary testing,
improve diagnostic efficiency, and enable earlier
individualized clinical decision-making in valvu-
lar heart disease. A 2020 study by researchers de-
veloped and validated an artificial intelligence (AI)
algorithm to detect significant mitral regurgita-
tion (MR) using electrocardiography (ECG), aiming
to support early diagnosis and prevent disease pro-
gression. The model was trained on 56,670 ECGs
from 24,202 patients and validated internally in
3,174 patients and externally in 10,865 patients,
showing strong performance with AUCs up to
0.877 for 12-lead ECG and 0.850 for single-lead
ECG, and also demonstrated predictive value for
future MR development. Another 2025 study by
Y. Liang and A. Sau showed that artificial intel-
ligence-enhanced electrocardiography models can
both diagnose and predict future moderate to
severe regurgitant valvular heart disease, includ-
ing mitral, aortic, and tricuspid regurgitation. The
models, developed on a large dataset from Zhong-
shan Hospital and externally validated at Beth Is-
rael Deaconess Medical Center, demonstrated good
predictive performance and strong risk stratifica-
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tion, highlighting their potential to guide early de-
tection and surveillance strategies.

Conclusion

In conclusion, Al is becoming an important part of
precision cardiovascular care, particularly in early
detection, imaging analysis, risk prediction, dis-
ease phenotyping, and clinical decision support.
Al-enhanced ECG, automated cardiac imaging,
machine learning risk models, and phenomapping
studies show that routinely collected cardiovas-
cular data may contain more information than
is visible through standard clinical interpretation
alone. These applications demonstrate the poten-
tial of Al to extract clinically meaningful patterns
from complex data and support more individual-
ized approaches to cardiovascular care.

However, these tools should not be accepted
solely because they are technically impressive.
Their real value depends on external validation,
ethical use, transparency, fairness, and careful in-
tegration into clinical practice. Used appropriately,
AI should not reduce the role of physicians. In-
stead, it can strengthen clinical decision-making
by helping clinicians interpret complex data more
efficiently, identify patients who may require add-
itional evaluation, and tailor care to the individual
patient. The successful future of Al in cardiology
will therefore depend on maintaining a balance
between technological innovation and clinical ex-
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pertise, with patient safety, clinician oversight,
and individualized care remaining central to im-
plementation.




5. AI-DRIVEN PRECISION
CARE FOR DERMATO-
LOGICAL DISEASES

Background

Skin diseases place a profound and pervasive bur-
den on global healthcare systems, affecting ap-
proximately one-third of the world's population
at any given time. While acute skin diseases are
relatively easy to manage, chronic skin diseases,
such as psoriasis, atopic dermatitis, chronic urti-
caria, and skin malignancies such as melanoma,
pose complex clinical challenges. These diseases
are characterized by heterogeneous phenotypic
expression, fluctuating disease trajectories, and
multifactorial etiologies involving genetic, im-
munological, and environmental factors. Trad-
itionally, the management of chronic skin diseases
has relied heavily on an empirical, "one-size-fits-
all" approach. Diagnosis is largely subjective and
depends on the visual acuity and clinical experi-
ence of the treating physician, often resulting in
significant interobserver variability. Furthermore,
therapeutic interventions often follow a pro-
longed trial-and-error pattern, leading to adverse
clinical outcomes, reduced patient quality of life,
and increased healthcare costs.
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In recent years, the paradigm of medicine has
fundamentally shifted toward precision care, an
approach that tailors medical treatment to the
individual characteristics of each patient. Preci-
sion dermatology aims to use biomarkers, genetic
profiles, and comprehensive clinical data to pre-
dict disease susceptibility, prognostic pathways,
and treatment responses. However, the volume,
velocity, and scale of data required to realize preci-
sion medicine exceed human cognitive processing
capacities. As a result, artificial intelligence (AI)
and machine learning (ML) have emerged as essen-
tial catalysts for operationalizing precision care in
dermatology.

Dermatology is inherently a vision-based spe-
cialty, which puts it in a unique position to benefit
from advances in computer vision and deep
learning (DL), particularly convolutional neural
networks (CNNs). Early landmark studies demon-
strated that CNNs can classify skin lesions, includ-
ing distinguishing malignant melanomas from
benign moles, with levels of accuracy comparable
to or even exceeding those of licensed dermatolo-
gists. Beyond mere diagnostic triage, Al is now
being applied to parse complex, multifaceted data
architectures. By integrating dermoscopy images
with electronic health records (EHRs), histopath-
ology slides, and genomic data (multi-omics), Al
algorithms can classify patient populations with
unprecedented detail.
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In the context of chronic disease management,
Al-based predictive analytics offer transformative
potential. For example, in psoriasis and atopic
dermatitis, predicting disease exacerbations
(flare-ups) and treatment responses to biologic
agents remains a major challenge. Machine learn-
ing models using longitudinal patient data can
identify subtle patterns and predictive biomark-
ers associated with treatment efficacy, thereby en-
abling clinicians to select the optimal therapeutic
agent at the onset of care. This targeted approach
minimizes the physiological and financial costs
of ineffective treatments. In addition, wearable
devices and smartphone applications integrated
with AI are revolutionizing patient monitoring.
Continuous, real-time tracking of physiological
parameters and objective quantification of lesion
severity, such as using Al-calculated PASI or SC-
ORAD scores, enable dynamic and responsive
treatment modifications, moving care from the
clinic to the patient's daily life.

Despite its profound clinical promise, the integra-
tion of Al into precision skin care is not without
significant hurdles. The effectiveness of machine
learning algorithms is inherently dependent on
the quality and diversity of their training data-
sets. Historically, skin image databases have been
heavily skewed toward lighter skin phenotypes,
particularly Fitzpatrick skin types I to III, leading
to algorithmic bias and reduced diagnostic accur-
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acy for patients with skin of color. Furthermore,
challenges related to data privacy, the "black box"
nature of deep neural networks, which limits clin-
ical interpretability, and the rigorous regulatory
frameworks required for clinical deployment need
to be systematically addressed to ensure fair and
safe implementation. Statistically, the robustness
of these models should be rigorously validated
using appropriate performance measures, includ-
ing positive predictive values and the area under
the receiver operating characteristic curve (AUC-
ROC), while statistical significance should be as-
sessed using appropriate thresholds and methods
rather than relying on a single p-value criterion
across different clinical populations.

This chapter comprehensively reviews the current
landscape and future directions of Al-based preci-
sion care in chronic skin diseases. We will critic-
ally review advanced applications of Al in the diag-
nosis, prognosis, and longitudinal management of
chronic skin diseases. By exploring the integration
of multimodal data ecosystems and addressing
the ethical and technical challenges of algorithmic
bias, this chapter aims to provide a robust frame-
work for how AI can transform skin care from a
reactive, generic practice into a proactive, highly
personalized, and precision-based science.

Al-Based Skin Lesion Detection
And Diagnosis

One of the most extensively investigated applica-
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tions of Al in dermatology is the automated ana-
lysis of skin lesions. Skin cancer diagnosis trad-
itionally involves visual inspection, dermoscopy,
and, when necessary, biopsy and histopathological
examination. The ability of AI systems to analyze
dermoscopic and clinical images has created op-
portunities for earlier identification of suspicious
lesions and improved diagnostic support. Deep
learning models can be trained using large collec-
tions of annotated images to distinguish benign
from malignant lesions and to classify specific
categories of skin disease. These systems can
identify characteristics related to asymmetry, bor-
der irregularity, color variation, lesion structure,
and other visual features. In melanoma, Al-based
image analysis has been investigated for identi-
fying lesions that require further evaluation. Al
may also help clinicians prioritize lesions accord-
ing to their estimated risk. In clinical settings
where a patient has numerous lesions, automated
risk assessment could support more efficient
examination and determine which lesions re-
quire dermoscopy, biopsy, or urgent referral. This
may be particularly valuable in primary care and
teledermatology, where specialist resources are
limited. However, image-based diagnosis should
not be considered a replacement for clinical as-
sessment. Dermatological diagnosis frequently de-
pends on information that cannot be captured in
an image, including lesion evolution, symptoms,
exposure history, medication use, family history,
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and systemic manifestations. AI therefore has
greatest value when image analysis is integrated
with clinical context.

Precision Diagnosis Of Skin Cancer

Skin cancer represents a particularly important
area for Al-driven precision care because early de-
tection can significantly influence treatment op-
tions and outcomes. Melanoma, basal cell carcin-
oma, and squamous cell carcinoma may exhibit di-
verse clinical appearances, and early lesions can be
difficult to distinguish from benign conditions. Al
can analyze dermoscopic images and identify pat-
terns associated with malignant transformation.
Machine learning systems can also incorporate pa-
tient characteristics, lesion location, age, previous
skin cancer, sun exposure, and other risk factors to
improve individualized assessment. The use of Al
in skin cancer screening could facilitate risk-based
surveillance. Patients with multiple risk factors
could receive more frequent monitoring, while in-
dividuals with lower estimated risk could follow
less intensive surveillance strategies. Longitudinal
image analysis may also allow AI systems to
detect subtle changes in lesion morphology that
are difficult to appreciate during isolated clin-
ical examinations. Digital monitoring provides an-
other opportunity for precision care. Sequential
dermoscopic or clinical images can be compared
over time to evaluate changes in lesion size, shape,
color, and internal structure. Al can assist in iden-
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tifying meaningful changes and alert clinicians to
lesions requiring further assessment. Pathology
is another important component of skin cancer
diagnosis. Digital pathology allows histological
slides to be converted into high-resolution digital
images that can be analyzed by AI. Machine learn-
ing models may identify malignant cells, quantify
tumor characteristics, and support histopatho-
logical classification. Combining clinical images,
dermoscopy, and digital pathology could provide a
more comprehensive diagnostic framework.

Al And Dermatological Imaging

Al applications in dermatology extend beyond
skin cancer. Computer vision systems can ana-
lyze images associated with inflammatory, in-
fectious, autoimmune, and pigmentary diseases.
Conditions such as psoriasis, atopic dermatitis,
acne, rosacea, vitiligo, and fungal infections can
have characteristic visual patterns that may be
recognized by appropriately trained algorithms.
Image-based severity assessment is particularly
relevant to precision care. Many dermatological
diseases require measurement of severity to guide
treatment decisions and monitor response. Trad-
itional scoring systems may involve subjective
assessment by clinicians. AI can potentially auto-
mate the measurement of lesion extent, erythema,
scaling, pigmentation, or other disease character-
istics. For psoriasis, for example, automated image
analysis could assist in estimating affected body
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surface area and other components of disease se-
verity. In atopic dermatitis, AI could potentially
quantify erythema, excoriation, lichenification,
and lesion distribution. Such approaches may im-
prove consistency between assessments and facili-
tate longitudinal monitoring. Al-based imaging
can also support objective evaluation of treat-
ment response. Sequential images obtained during
treatment can be analyzed to determine whether
disease activity is improving, stable, or worsening.
This may help clinicians adjust treatment earlier
and reduce reliance on subjective visual compari-
son.

Al In Melanoma Risk Stratification

Melanoma is a major target of Al research because
of the importance of early detection and the com-
plex visual characteristics of melanocytic lesions.
Al systems can assess dermoscopic patterns and
estimate the probability that a lesion is malignant.
Precision melanoma care may involve combining
imaging with clinical and molecular information.
Patient-specific factors such as age, phenotype,
history of melanoma, family history, number of
nevi, and previous lesion characteristics can be
incorporated into predictive models. Genetic and
molecular information may provide additional in-
formation regarding susceptibility and tumor be-
havior. AI could eventually support individualized
surveillance strategies by identifying patients at
higher risk of melanoma and determining which
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lesions require closer monitoring. It may also as-
sist in distinguishing patients who would benefit
from immediate biopsy from those who can safely
undergo short-term digital surveillance. In estab-
lished melanoma, AI may contribute to prognostic
assessment. Histopathological features, genomic
characteristics, imaging findings, and clinical
variables can be integrated to estimate recurrence
risk and treatment response. Such approaches
may support individualized follow-up and thera-
peutic planning.

Al In Inflammatory Skin Diseases

Inflammatory dermatological diseases are par-
ticularly suitable for precision approaches because
they frequently follow heterogeneous clinical
courses. Psoriasis, atopic dermatitis, hidradenitis
suppurativa, and other chronic inflammatory dis-
eases can range from mild and intermittent dis-
ease to severe and persistent disease requiring
systemic treatment. AI can help identify patterns
associated with disease severity, flare frequency,
and treatment response. By integrating clinical
characteristics, laboratory findings, treatment his-
tory, patient-reported outcomes, and imaging,
machine learning models may identify patients
who are likely to experience severe disease or
inadequate response to particular therapies. In
psoriasis, biological therapies have substantially
expanded treatment options, but patients respond
differently to individual agents. AI may help iden-
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tify clinical or molecular characteristics associ-
ated with response to specific biologic treatments.
This could reduce the current trial-and-error ap-
proach and shorten the time required to achieve
effective disease control. Atopic dermatitis also
demonstrates substantial heterogeneity. Patients
may differ in age of onset, disease distribu-
tion, allergic comorbidities, immune profiles, and
treatment response. Al-based models could inte-
grate these variables to identify patient subgroups
and support individualized treatment selection.
Hidradenitis suppurativa presents another poten-
tial application. The disease is chronic, painful,
and associated with substantial delays in diag-
nosis. Al-based image analysis could assist with

lesion recognition and severity assessment, while
predictive models could identify patients at in-
creased risk of progression or complications.

Al And Dermatological Infections

Infectious skin diseases are another important
area of AI application. Bacterial, fungal, viral,
and parasitic infections may produce overlap-
ping clinical appearances, making accurate diag-
nosis challenging in some settings. Al-based
image analysis can potentially differentiate in-
fectious lesions from inflammatory or neoplastic
conditions. Machine learning models may iden-
tify visual characteristics associated with fungal
infections, bacterial infections, viral lesions, and
other dermatological conditions. Al can also in-
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tegrate clinical and epidemiological information.
Recent travel, exposure history, immunosuppres-
sion, antimicrobial use, and geographic factors
may influence the likelihood of specific infections.
Incorporating these variables could improve in-
dividualized diagnostic predictions. In resource-
limited settings, Al-enabled smartphone imaging
could support preliminary screening and triage.
A patient or healthcare worker could capture an
image and obtain an Al-generated risk assessment
that indicates whether specialist evaluation is rec-
ommended. Such technologies could expand ac-
cess to dermatological expertise, although appro-
priate validation and safeguards are essential.

Al In Ache And Common
Dermatological Disorders

Acne is among the most common dermatological
disorders and can significantly affect quality of
life. Clinical severity assessment is important
for selecting appropriate treatment, but conven-
tional grading may vary between observers. Al-
based image analysis can potentially classify acne
severity by detecting inflammatory lesions, come-
dones, nodules, and other features. Automated
assessment may provide objective measurements
and allow treatment response to be monitored
through standardized photographs. AI can also
support personalized acne management by in-
tegrating age, disease severity, previous treat-
ments, medication adherence, hormonal factors,
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and patient preferences. Predictive models may
eventually help identify which patients are more
likely to respond to topical therapy, systemic anti-
biotics, hormonal therapy, or isotretinoin. Similar
approaches may be applied to rosacea and other
common conditions. By combining image analysis
with clinical information, AI may support differ-
ential diagnosis and individualized management
while reducing unnecessary investigations.

Al And Pigmentary Disorders
Across Diverse Skin Tones

Animportant challenge in dermatological Alis en-
suring accurate performance across different skin
tones. Many existing dermatological image da-
tasets contain disproportionately large numbers
of images from lighter skin, which may result
in reduced performance among individuals with
darker skin. This issue is particularly important
for inflammatory and infectious conditions be-
cause erythema and other visual characteristics
can appear differently across skin tones. Some
diagnostic signs may be less visible or may re-
quire interpretation based on additional features.
Al-driven precision dermatology must therefore
prioritize diverse datasets that adequately repre-
sent global populations. Models should undergo
external validation across different ethnicities,
geographic regions, age groups, and skin types.
Performance should be reported separately for
relevant demographic and clinical subgroups ra-
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ther than relying solely on overall accuracy. Im-
proving representation is not only a technical re-
quirement but also an ethical responsibility. Al
systems that perform well in one population but
poorly in another could widen existing disparities
in dermatological care.

Al And Teledermatology

Teledermatology has expanded access to derma-
tological services, particularly in regions with
limited specialist availability. AI can complement
teledermatology by assisting with image quality
assessment, disease classification, triage, and re-
ferral decisions. Al systems can evaluate whether
a submitted image is adequate for analysis and
identify whether additional images or clinical in-
formation are needed. They can then provide a
preliminary differential diagnosis or estimate the
urgency of specialist evaluation. This approach
may reduce unnecessary referrals while ensuring
that high-risk lesions receive timely attention. AI-
supported teledermatology may be particularly
valuable in rural and underserved communi-
ties. Large language models may further support
remote care by summarizing clinical informa-
tion, generating patient education materials, and
helping clinicians organize differential diagnoses.
However, language models can produce incorrect
information, and their outputs should be reviewed
by qualified healthcare professionals.
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Al And Personalized
Treatment Selection

Diagnosis represents only one component of pre-
cision dermatology. Selecting the most appropri-
ate treatment for an individual patient is equally
important. Machine learning models can analyze
previous treatment outcomes and identify charac-
teristics associated with response or nonresponse.
In chronic inflammatory diseases, such models
could help determine which patients are most
likely to benefit from particular systemic therapies
or biologic agents. Treatment selection may also
consider comorbidities, medication interactions,
disease severity, previous treatment failures, pa-
tient preferences, and cost. Al can integrate these
factors to support a more comprehensive treat-
ment recommendation.

In oncology, AI may contribute to personalized
treatment selection by combining histopatho-
logical, genomic, and clinical information. For
advanced melanoma and other skin cancers, mo-
lecular characteristics can influence therapeutic
options. AI may help identify patterns associ-
ated with treatment response and resistance. The
ultimate objective is to move from a disease-
centered treatment model toward an individual-
centered strategy in which the patient's biological
and clinical characteristics guide therapeutic deci-
sions.
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Al And Treatment Monitoring

Longitudinal monitoring is essential for chronic
dermatological diseases. Al can analyze repeated
images, laboratory measurements, patient-re-
ported outcomes, and treatment records to evalu-
ate disease progression and therapeutic response.
Digital photographs can provide a standardized
record of skin changes. Computer vision models
can compare images obtained at different time
points and quantify changes in lesion burden
or disease severity. Wearable technologies may
provide additional information. Devices capable
of measuring physiological parameters could po-
tentially support monitoring of patients with
inflammatory diseases, although this application

remains developing. Al-based monitoring could
also help identify patients who are not respond-
ing adequately to treatment. Earlier recognition of
treatment failure may allow clinicians to modify
therapy before prolonged ineffective treatment re-
sults in unnecessary disease burden.

Al And Patient Education

Patient education is a central component of
dermatological care because many skin diseases
require long-term self-management. Large lan-
guage models and other AI technologies may
help provide individualized educational materials
based on the patient's diagnosis, treatment plan,
health literacy, and preferences. Al-generated edu-
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cational content could explain medication use,
expected treatment responses, potential adverse
effects, skin care practices, and situations requir-
ing medical review. Interactive systems may an-
swer routine questions and reinforce information
provided during clinical consultations. However,
patient education generated by Al requires care-
ful oversight. Incorrect recommendations could
result in inappropriate self-treatment or delayed
medical attention. AI should therefore comple-
ment, rather than replace, professional patient
education.

Al And Drug Discovery
In Dermatology

Al has the potential to accelerate dermatological
drug discovery by identifying novel therapeutic
targets and predicting interactions between com-
pounds and biological pathways. Machine learning
can analyze molecular databases to identify com-
pounds with potential anti-inflammatory, anti-
microbial, immunomodulatory, or anticancer ac-
tivity. Al can also support drug repurposing by
identifying existing medications that may act
on pathways relevant to dermatological diseases.
For chronic inflammatory conditions, integrating
transcriptomic, proteomic, and genomic informa-
tion with AI may reveal biological pathways that
contribute to treatment resistance. These findings
could support the development of new targeted
therapies. AI may also assist clinical trial design
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by identifying eligible patients, predicting treat-
ment response, and improving patient stratifica-
tion. Better stratification could make clinical trials
more efficient and increase the likelihood of iden-
tifying meaningful treatment effects.

Al And Dermatopathology

Dermatopathology represents another important
area for Al integration. Histopathological diagno-
sis can involve substantial complexity, particularly
when distinguishing lesions with overlapping
morphological characteristics. Digital pathology
allows entire slides to be scanned and analyzed
computationally. Al systems can identify cellular
patterns, quantify tissue characteristics, and sup-
port classification of neoplastic and inflammatory
processes. AI may also assist in quantifying bio-
markers within tissue samples. Combining histo-
logical morphology with immunohistochemical
and molecular information could provide a more
comprehensive assessment of disease biology. The
integration of clinical images, dermoscopy, and
dermatopathology could ultimately create multi-
modal diagnostic systems capable of analyzing
disease from multiple perspectives. Such systems
may improve diagnostic confidence while redu-
cing variability.

Al And Precision Derma-
tological Oncology

Skin cancer management increasingly involves
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personalized approaches based on tumor biology.
Al can integrate clinical, pathological, radiological,
and genomic information to estimate prognosis
and treatment response. For patients with mel-
anoma, Al may help predict recurrence, iden-
tify high-risk tumors, and support individualized
surveillance. In advanced disease, molecular and
pathological information can be combined with
treatment history to estimate the probability of
response to specific therapeutic strategies. Al may
also support the identification of patients who
require closer follow-up. Dynamic risk models
can be updated as new clinical information be-
comes available, allowing surveillance intensity
to change over time. Such systems could con-

tribute to more efficient oncology care by direct-
ing resources toward patients with greater clinical
need while reducing unnecessary investigations in
lower-risk populations.

Explainable Al And Clinical
Decision Support

Explainability is essential for the clinical adoption
of AI. Dermatologists need to understand why
a system considers a lesion suspicious or why
it predicts a particular treatment response. Ex-
plainable AI methods can identify image regions
or clinical variables that contributed to a pre-
diction. Visualization techniques may highlight
suspicious lesion features, while feature-based ap-
proaches can show the relative importance of
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patient characteristics. Transparent systems can
facilitate clinician review and may help identify
inappropriate predictions. They can also support
education by demonstrating how different clinical
features influence diagnostic reasoning. However,
explanations generated by Al should not automat-
ically be interpreted as proof that a model is clinic-
ally correct. Explainability must be combined with
rigorous validation and clinical judgment.

Challenges And Ethical
Considerations

The rapid development of AI in dermatology also
raises substantial challenges. Data quality is one
of the most important concerns. Dermatological
images can vary according to camera type, light-
ing, image resolution, anatomical location, and
acquisition technique. Models trained under con-
trolled conditions may perform less effectively in
routine clinical environments. Algorithmic bias is
another major concern. Underrepresentation of
darker skin tones, rare diseases, pediatric patients,
and geographically diverse populations may result
in unequal performance. Privacy is especially im-
portant because dermatological images can con-
tain identifiable information. Facial photographs
and other sensitive images require appropriate
data protection, consent, and governance.

Clinical accountability must also remain clear. If
an Al system fails to identify a malignant lesion or
incorrectly recommends a treatment, responsibil-
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ity cannot simply be attributed to the algorithm.
AI should function within a clearly defined clin-
ical framework in which healthcare professionals
retain responsibility for patient care. Regulatory
oversight is also necessary. Al systems may change
over time as new data are introduced, and per-
formance should be continuously monitored. Ex-
ternal validation, prospective studies, and real-
world evaluation are necessary before widespread
clinical deployment.

Future Directions

Future Al-driven precision dermatology is likely to
move toward multimodal systems that integrate
images, clinical records, pathology, laboratory re-
sults, genomics, treatment history, and patient-
reported outcomes. Rather than using separate al-
gorithms for diagnosis and prognosis, future sys-
tems may provide comprehensive patient-specific
assessments. A patient could potentially undergo
an integrated evaluation that estimates diagnos-
tic probability, disease severity, progression risk,
treatment response, and recommended monitor-
ing intensity. Digital twins may eventually allow
clinicians to simulate treatment strategies and es-
timate potential outcomes before initiating ther-
apy. Although this concept remains largely inves-
tigational, it represents a potential future direc-
tion for individualized care. The integration of Al
with wearable devices, smartphones, telederma-
tology, and home monitoring could also create
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continuous models of dermatological health. Pa-
tients could monitor chronic conditions at home
while AI systems identify meaningful changes and
alert healthcare professionals when intervention
is needed. Research should increasingly focus on
prospective clinical trials, diverse datasets, stand-
ardized reporting, and real-world outcomes rather
than diagnostic accuracy alone. The success of
Al in dermatology should ultimately be measured
by whether it improves patient outcomes, reduces
diagnostic delays, increases access to specialist
care, and supports safer and more effective treat-
ment.

Conclusion

Al-driven precision care has the potential to sig-
nificantly transform dermatological medicine by
integrating advanced image analysis, clinical pre-
diction, pathology, genomics, and longitudinal pa-
tient information. Al can support early detection
of skin cancer, improve classification of inflamma-
tory and infectious diseases, provide objective as-
sessment of disease severity, predict treatment re-
sponse, and facilitate individualized monitoring.
The greatest value of Al is likely to emerge when
computational technologies are integrated with
clinical expertise rather than used as independent
diagnostic systems. Dermatologists provide con-
textual interpretation, clinical reasoning, patient
communication, and consideration of factors that
may not be captured within datasets. Al can
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complement these capabilities by processing large
amounts of information, identifying complex pat-
terns, and providing individualized predictions.
The transition toward Al-driven precision derma-
tology must therefore be accompanied by rigor-
ous clinical validation, transparent algorithms,
diverse and representative datasets, appropriate
privacy protections, and effective regulatory over-
sight. Particular attention should be given to
ensuring that Al systems perform equitably across
different skin tones, populations, healthcare envir-
onments, and disease presentations. Ultimately,
the combination of Al and dermatological expert-
ise may enable a more predictive, preventive, per-
sonalized, and patient-centered model of care. By

moving beyond static diagnosis toward continu-
ous risk assessment and individualized treatment
planning, AI has the potential to improve the
accuracy, efficiency, accessibility, and quality of
dermatological care while preserving the essential
role of clinicians in responsible decision-making.
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6. AlI-DRIVEN PRECISION
CARE FOR CANCERS

Background

Cancer remains one of the leading causes of mor-
bidity and mortality worldwide and represents
a major challenge for healthcare systems. The
disease is not a single clinical entity but a het-
erogeneous group of disorders characterized by
diverse molecular alterations, cellular behaviors,
anatomical distributions, treatment responses,
and clinical trajectories. Even among patients
with the same cancer type and stage, substan-
tial differences may exist in tumor biology, prog-
nosis, therapeutic response, and susceptibility to
treatment-related adverse effects. Conventional
approaches to cancer diagnosis and manage-
ment frequently rely on population-level evidence,
standardized staging systems, histopathological
assessment, and established treatment protocols.
Although these approaches have substantially im-
proved cancer outcomes, they may not fully cap-
ture the biological and clinical heterogeneity of in-
dividual patients.

Artificial intelligence (AI), particularly machine
learning (ML) and deep learning (DL), is increas-
ingly transforming oncology by enabling the ana-
lysis of complex and high-dimensional datasets.
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Al can integrate information from medical im-
aging, pathology, genomics, transcriptomics, elec-
tronic health records, laboratory investigations,
treatment histories, and patient characteristics
to identify clinically relevant patterns. This cap-
ability creates opportunities to move cancer care
from a predominantly standardized model toward
a more personalized, predictive, and data-driven
approach. Al-driven precision care seeks to iden-
tify the characteristics of an individual patient's
cancer, estimate the risk of disease development or
progression, predict treatment response, support
therapeutic selection, and continuously monitor
patients throughout the cancer care pathway.

The integration of AI into oncology is par-
ticularly important because cancer management
requires decisions at multiple stages, including
prevention, screening, diagnosis, staging, molecu-
lar characterization, treatment selection, response
assessment, surveillance, and palliative care. Al
may support clinicians at each of these stages
by converting large volumes of heterogeneous in-
formation into clinically meaningful predictions.
However, the implementation of AI must remain
closely connected to clinical expertise, patient
preferences, ethical principles, and evidence-based
medicine. The objective is not to replace oncolo-
gists, pathologists, radiologists, surgeons, or other
healthcare professionals, but to provide decision-
support tools that can improve the precision, con-
sistency, and efficiency of cancer care.

102

AI-DRIVEN PRECISION CARE FOR CHRONIC DISEASES

Al In Cancer Screening
And Early Detection

Early detection is one of the most important
determinants of cancer outcomes. Many cancers
are more effectively treated when identified be-
fore local invasion, metastatic dissemination, or
severe clinical manifestations occur. However,
conventional screening approaches may be limited
by sensitivity, specificity, cost, availability, and
dependence on expert interpretation. Al can ana-
lyze subtle patterns that may be difficult to rec-
ognize through routine clinical assessment and
can therefore contribute to earlier identification of
malignant or premalignant changes.

In breast cancer screening, Al-based image ana-
lysis has been extensively investigated for mam-
mography interpretation. Deep learning models
can identify suspicious masses, architectural dis-
tortions, microcalcifications, and other imaging
features associated with malignancy. Al may
assist radiologists by prioritizing examinations,
identifying suspicious regions, and reducing
missed lesions. Importantly, Al-supported mam-
mography can potentially improve screening effi-
ciency while maintaining human oversight. The
integration of imaging findings with age, fam-
ily history, previous examinations, breast density,
and other clinical variables may further support
individualized screening strategies.

Lung cancer screening provides another import-
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ant application. Low-dose computed tomography
can detect pulmonary nodules, but the large num-
ber of images generated during screening cre-
ates substantial demands on radiologists. Al sys-
tems can automatically identify and characterize
pulmonary nodules, estimate their probability of
malignancy, and compare findings with previous
scans. Longitudinal analysis can be particularly
valuable because changes in nodule size, morph-
ology, and density may provide important in-
formation regarding cancer risk. By combining
imaging characteristics with demographic and
clinical information, AI may support personalized
decisions regarding surveillance or further diag-
nostic evaluation.

Al has also demonstrated potential in colorectal
cancer screening. Computer vision systems can
analyze endoscopic images and identify polyps
that may otherwise be overlooked. During col-
onoscopy, Al-assisted detection can provide real-
time alerts when suspicious lesions are identified.
Further developments may allow Al to distinguish
between different polyp characteristics and sup-
port individualized decisions regarding removal
and histopathological assessment. Similar ap-
proaches are being investigated in cervical cancer
screening, where Al can analyze cytological and
histological images to identify abnormal cellular
patterns.

The use of Al for cancer screening may ultimately
contribute to risk-adapted strategies. Instead of
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applying identical screening schedules to entire
populations, AI models may combine genetic,
demographic, environmental, lifestyle, imaging,
and clinical information to estimate individual
cancer risk. Patients at higher risk could receive
more intensive surveillance, while individuals at
lower risk might avoid unnecessary examinations.
Such approaches could improve resource utiliza-
tion and potentially increase the efficiency of
population-based cancer prevention programs.

Al For Cancer Diagnosis
And Classification

Cancer diagnosis often requires integration of
clinical findings, imaging, pathology, and labora-
tory investigations. Histopathological examin-
ation remains a fundamental component of can-
cer diagnosis, but interpretation can be complex
and subject to interobserver variation. Al-based
digital pathology provides an opportunity to ana-
lyze tissue specimens at very high resolution
and identify patterns associated with malignancy,
tumor subtype, grade, and prognosis.

Deep learning algorithms can analyze whole-slide
images containing millions of pixels and identify
tumor cells, stromal components, inflammatory
cells, vascular structures, and other tissue fea-
tures. Al can assist pathologists in locating sus-
picious areas and distinguishing malignant from
benign tissue. In some settings, AI models have
demonstrated performance comparable to expert
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assessment for selected diagnostic tasks. Rather
than replacing pathologists, these systems may
reduce repetitive workload, improve consistency,
and provide an additional layer of quality control.
Al can also contribute to cancer classification.
Tumors that appear similar under conventional
microscopy may have substantially different mo-
lecular characteristics and therapeutic responses.
By integrating histopathological morphology with
molecular information, AI models may identify
patterns that correspond to specific genetic al-
terations or molecular subtypes. This approach
may be particularly relevant for cancers in which
molecular classification strongly influences treat-
ment selection.

Radiology provides another major area of AI-
supported diagnosis. Machine learning models can
identify and classify suspicious lesions on com-
puted tomography, magnetic resonance imaging,
positron emission tomography, ultrasound, and
other imaging modalities. Beyond simply identify-
ing abnormalities, AI can quantify tumor volume,
shape, texture, vascularity, and metabolic charac-
teristics. These quantitative features may provide
additional information about tumor biology and
disease aggressiveness.

Radiomics represents an important development
in this area. Radiomic methods extract large num-
bers of quantitative imaging features that may
not be apparent to the human observer. Machine
learning can then identify combinations of these
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features associated with diagnosis, prognosis, or
treatment response. The integration of radiom-
ics with clinical and molecular information can
generate a more comprehensive representation of
an individual tumor. This multimodal approach is
central to precision oncology because cancer be-
havior is determined by interactions among ana-
tomical, molecular, and clinical characteristics.

Al And Molecular Profiling
In Precision Oncology

Precision oncology increasingly depends on
understanding the molecular characteristics of in-
dividual tumors. Genomic sequencing can identify
mutations, copy number alterations, gene expres-
sion patterns, and other molecular abnormalities
that may influence prognosis or treatment selec-
tion. However, genomic datasets are complex, and
interpreting the clinical significance of numerous
alterations can be challenging.

Al and machine learning can analyze genomic
and transcriptomic data to identify molecular
patterns associated with specific cancer pheno-
types. These models may help distinguish clin-
ically important mutations from alterations of
uncertain significance and identify combinations
of molecular features associated with treatment
response. Al can also integrate genomic informa-
tion with pathology and imaging data, allowing
researchers to investigate relationships between
tumor morphology and molecular biology.
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The integration of multi-omics data is particularly
promising. Genomics, transcriptomics, proteom-
ics, metabolomics, and epigenomics each provide
different perspectives on tumor biology. AI can
combine these datasets to identify interactions
that may not be detectable when each data type
is analyzed independently. Such approaches could
contribute to more precise classification of tumors
and improve prediction of disease progression.

AI may also help identify patients who are likely
to benefit from targeted therapies. Targeted treat-
ments are generally effective only when spe-
cific molecular characteristics are present. Al-
based models may assist in matching individual
tumor profiles with potentially effective therapies
and identifying combinations of treatments that
warrant further clinical investigation. This could
reduce exposure to ineffective therapies and im-
prove the efficiency of treatment selection.

Al For Prognostic Assessment
And Risk Stratification

Accurate prognostic assessment is essential for
individualized cancer care. Traditional prognostic
systems commonly rely on tumor stage, histo-
logical characteristics, lymph node involvement,
and selected clinical variables. Although these fac-
tors remain highly valuable, they may not fully
capture the biological complexity of individual tu-
mors.

Machine learning models can integrate numerous
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variables to estimate the probability of recurrence,
metastasis, treatment failure, or mortality. For ex-
ample, an AI model may combine tumor stage,
pathology findings, imaging features, molecular
characteristics, laboratory values, age, comorbid-
ities, and treatment history to produce an indi-
vidualized risk estimate.

This approach can be particularly valuable for
cancers with substantial variation in clinical be-
havior. Two patients with tumors of the same
anatomical stage may have substantially differ-
ent risks of recurrence. Al-based risk models may
identify these differences and support more indi-
vidualized surveillance and treatment strategies.
Dynamic risk prediction represents a further de-
velopment. Instead of producing a single predic-
tion at diagnosis, Al systems can continuously up-
date risk estimates as new information becomes
available. Changes in imaging, laboratory results,
circulating biomarkers, treatment response, and
clinical status can be incorporated into the model.
This creates a dynamic patient-specific risk profile
that reflects the evolving nature of cancer.

Al For Treatment Selection
Treatment selection is one of the most important
applications of precision oncology. Cancer ther-
apies include surgery, radiotherapy, chemother-
apy, immunotherapy, targeted therapy, endocrine
therapy, cellular therapies, and combinations of
these approaches. The effectiveness of each treat-
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ment varies among patients, while treatment-
related toxicity can be substantial. AI can as-
sist in predicting which patients are most likely
to respond to particular therapies. By analyzing
clinical, pathological, imaging, and molecular in-
formation, machine learning models may identify
patterns associated with treatment sensitivity or
resistance. These predictions can potentially sup-
port more individualized treatment selection. In
immuno-oncology, AI may help identify patients
who are likely to benefit from immune checkpoint
inhibitors. Response to immunotherapy is influ-
enced by multiple factors, including tumor mu-
tational characteristics, immune-cell infiltration,
tumor microenvironment, and expression of rele-
vant biomarkers. Al can integrate these variables
to generate more comprehensive predictions than
a single biomarker alone.

Al may also support chemotherapy planning. Pre-
dictive models can estimate the likelihood of
response and treatment toxicity based on pa-
tient and tumor characteristics. This could help
clinicians balance expected therapeutic benefit
against potential harm. In elderly patients or those
with substantial comorbidity, such individualized
assessments may be particularly important.

Drug development is another important area. Al
can identify potential therapeutic targets, predict
drug interactions with molecular targets, and sup-
port the discovery of new compounds. Machine
learning can analyze biological datasets to identify
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candidate drugs or drug combinations and predict
their potential effectiveness. Although these ap-
proaches require extensive experimental and clin-
ical validation, they may accelerate aspects of on-
cology drug development.

Al In Surgical Oncology

Surgery remains a cornerstone of treatment for
many solid tumors. Al is increasingly being inte-
grated into surgical oncology through preopera-
tive planning, intraoperative navigation, robotic
assistance, and postoperative risk prediction. Pre-
operative imaging can be analyzed using Al to
determine tumor location, volume, anatomical re-
lationships, and potential surgical margins. Three-
dimensional models generated from imaging data
may help surgeons understand complex anatomy
and plan procedures more precisely. Al-based sys-
tems can also assist in estimating the likelihood of
postoperative complications and prolonged hos-
pitalization.

During surgery, computer vision and robotic tech-
nologies can provide real-time information about
anatomical structures and surgical instruments.
Al may support identification of tumor boundar-
ies and critical structures, although many of these
applications remain under development. Integra-
tion with robotic surgery could eventually enable
more precise and consistent execution of complex
procedures while maintaining surgeon control.
Postoperative AI models can predict compli-
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cations, readmission, infection, thromboembolic
events, and other adverse outcomes. Early identi-
fication of high-risk patients could allow more in-
tensive monitoring and earlier intervention. This
represents an important component of precision
surgical oncology because postoperative recovery
varies considerably between individuals.

Al In Radiotherapy

Radiotherapy requires highly precise targeting of
malignant tissue while minimizing radiation ex-
posure to surrounding healthy structures. AI has
become increasingly important in radiotherapy
planning and treatment adaptation. Deep learn-
ing algorithms can assist with automatic segmen-
tation of tumors and organs at risk. Automated
segmentation can reduce the time required for
treatment planning and improve consistency. Al
can also assist in generating treatment plans
that optimize tumor coverage while minimizing
exposure to normal tissues. Adaptive radiother-
apy represents another important application. Tu-
mors and surrounding organs can change during
a treatment course because of tumor regression,
weight loss, organ motion, or other factors. Al can
analyze new imaging information and determine
whether treatment plans should be modified. This
creates an opportunity for more individualized
treatment based on the patient's evolving anat-
omy.

Al may also predict radiation response and tox-
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icity. By combining imaging, clinical, and mo-
lecular information, models can estimate which
patients are more likely to experience adverse
effects. Such predictions could support individual-
ized dose planning and surveillance.

Al In Cancer Treatment
Response Monitoring

Monitoring treatment response is essential for
determining whether therapy should continue,
be modified, or be discontinued. Conventional
response assessment often relies on changes in
tumor size, but tumor size alone may not fully rep-
resent biological response. Al can analyze longitu-
dinal imaging to identify subtle changes in tumor
morphology, texture, vascularity, and metabolic
activity. These features may reveal treatment re-
sponse earlier than conventional measurements.
Al-based systems can compare serial examin-
ations and quantify changes objectively.

In immunotherapy, conventional imaging can
be particularly challenging because inflamma-
tory changes may temporarily resemble tumor
progression. Al may assist in distinguishing true
progression from treatment-related changes by in-
tegrating imaging patterns with clinical and tem-
poral information. Circulating biomarkers and li-
quid biopsy data may also be incorporated into Al
models. Changes in circulating tumor DNA, circu-
lating tumor cells, or other molecular signals may
provide early evidence of treatment response or
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emerging resistance. Combining these data with
imaging and clinical information could provide a
more comprehensive and dynamic assessment of
treatment effectiveness.

Al For Cancer Recurrence

And Surveillance
Following completion of primary treatment, pa-
tients require surveillance for recurrence and
management of long-term treatment effects. Cur-
rent surveillance strategies often follow stand-
ardized schedules, which may not fully reflect
individual recurrence risk. AI can estimate recur-
rence risk using tumor characteristics, treatment
history, molecular information, and longitudinal
clinical data. Patients at higher risk could poten-
tially receive more intensive surveillance, while
lower-risk patients may avoid unnecessary test-
ing. Al can also analyze follow-up imaging to iden-
tify recurrent disease. Automated comparison of
current and previous examinations may improve
detection of subtle changes. In addition, Al-based
systems may identify patterns that indicate recur-
rence before symptoms become apparent. The de-
velopment of personalized surveillance strategies
is particularly relevant because excessive imaging
can increase cost, patient burden, and exposure to
radiation, whereas insufficient surveillance may
delay detection of recurrence. Al-supported risk
stratification could help achieve a more appropri-
ate balance.
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Al And Supportive Cancer Care

Precision oncology extends beyond tumor-dir-
ected treatment. Cancer patients frequently ex-
perience pain, fatigue, nausea, psychological dis-
tress, malnutrition, sleep disturbances, and other
symptoms that can substantially affect quality of
life. AI can analyze patient-reported outcomes,
clinical records, wearable-device data, and behav-
ioral information to identify patients at risk of
worsening symptoms. Predictive models may sup-
port early intervention and individualized sup-
portive care.

Digital health technologies can continuously
monitor physical activity, heart rate, sleep, and
other physiological variables. AI can interpret
these data to identify changes that may in-
dicate treatment toxicity, functional decline, or
deterioration. Remote monitoring may therefore
help reduce unnecessary hospital visits while al-
lowing earlier clinical intervention when concern-
ing changes are detected. AI-driven systems may
also support personalized rehabilitation. Patients
recovering from cancer treatment may have differ-
ent physical and functional needs. Machine learn-
ing models can help tailor exercise, nutritional
support, and rehabilitation strategies according to
individual characteristics and recovery patterns.

Al And Palliative Care
Al has potential applications in advanced can-
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cer and palliative care, particularly in prognostic
assessment and symptom management. Estimat-
ing prognosis can be challenging because disease
trajectories vary substantially between patients.
Machine learning models can integrate clinical
variables, laboratory findings, functional status,
treatment history, and other information to es-
timate the likelihood of short-term deterioration
or mortality. Such predictions may assist clin-
icians in identifying patients who could benefit
from earlier palliative care involvement. AI can
also support symptom monitoring. Patient-re-
ported symptoms can be collected through digital
platforms and analyzed to identify deterioration.
However, prognostic AI should be used carefully
because predictions can influence emotionally and
ethically sensitive decisions. Human communi-
cation, patient preferences, and shared decision-
making must remain central.

Al And Patient-Centered
Cancer Care
Precision cancer care should not focus exclusively
on tumor biology. Individual patient preferences,
values, social circumstances, health literacy, and
treatment goals are equally important. AI may
support patient-centered care by providing under-
standable information, assisting communication,
and helping clinicians tailor education to individ-
ual needs. Large language models can summarize
complex medical information, generate patient
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education materials, and answer general ques-
tions. They may also assist clinicians in preparing
explanations of treatment options. However, Al-
generated information can contain inaccuracies,
outdated information, or inappropriate recom-
mendations. Therefore, clinical oversight is essen-
tial when Al-generated content is used in cancer
care. AI may also help identify barriers to treat-
ment adherence. By integrating appointment his-
tory, medication information, social factors, and
communication patterns, predictive models could
identify patients at increased risk of missed ap-
pointments or treatment interruption. Early sup-
portive interventions may then be implemented.

Challenges And Ethical
Considerations
Despite substantial potential, Al-driven precision
oncology presents important challenges. Data
quality is a fundamental concern because AI
models learn from the data used for develop-
ment. Incomplete, inaccurate, or biased datasets
can produce unreliable predictions. Algorithmic
bias is another major concern. If training datasets
do not adequately represent different populations,
Al systems may perform less accurately in under-
represented groups. This could worsen existing
healthcare disparities rather than reduce them.
Therefore, diverse datasets and external valid-
ation across different populations and healthcare
settings are essential. Interpretability is also im-
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portant. Many deep learning systems operate as
complex models whose predictions may be diffi-
cult to explain. Clinicians and patients need to
understand why an Al system produces a particu-
lar recommendation, especially when decisions in-
volve potentially life-changing treatments.

Data privacy and security are additional concerns.
Precision oncology depends on highly sensitive
information, including genomic data, pathology
images, medical records, and treatment histories.
Strong safeguards are required to protect patient
confidentiality and prevent unauthorized use. Re-
sponsibility and accountability must also be
clearly established. When an AI recommendation
contributes to a clinical decision, responsibility
cannot be transferred to the algorithm. Clinicians
must remain responsible for evaluating AI outputs
within the broader clinical context.

Future Directions
The future of Al-driven precision oncology will
likely depend on increasingly integrated multi-
modal systems. Rather than analyzing imaging,
pathology, genomics, and clinical records separ-
ately, future models may combine these infor-
mation sources to create comprehensive patient-
specific representations. Digital twins may repre-
sent one potential development. A cancer digital
twin could integrate a patient's clinical, imaging,
molecular, and longitudinal information to simu-
late possible disease trajectories and treatment
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responses. Although this concept remains techno-
logically and clinically challenging, it illustrates
the potential direction of personalized cancer care.
Foundation models and multimodal large lan-
guage models may further expand Al applications.
These systems could process medical images,
pathology, genomic information, clinical narra-
tives, and structured health data within a unified
framework. Their development may allow more
comprehensive clinical decision support.

Prospective clinical trials will be essential to de-
termine whether AI improves patient outcomes
rather than simply demonstrating technical ac-
curacy. Al systems should be evaluated not only
according to sensitivity, specificity, or area under

the curve, but also according to their effects on
survival, quality of life, treatment toxicity, health-
care costs, equity, and clinical workflow.

Conclusion
Al-driven precision care is increasingly transform-
ing the approach to cancer prevention, detection,
diagnosis, treatment, monitoring, and support-
ive care. Machine learning and deep learning can
analyze complex clinical, imaging, pathological,
genomic, and longitudinal datasets to identify
patterns that may be difficult to recognize through
conventional approaches. These capabilities create
opportunities for earlier diagnosis, more accur-
ate risk stratification, individualized treatment
selection, improved treatment response assess-
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ment, and personalized surveillance. The great-
est potential of AI lies in integrating multiple
sources of patient-specific information rather
than relying on isolated biomarkers or individ-
ual clinical measurements. Multimodal AI may
help connect tumor morphology with molecular
biology, treatment history, patient characteris-
tics, and evolving clinical status, creating a more
comprehensive understanding of individual can-
cer trajectories. Nevertheless, technological cap-
ability alone will not guarantee better cancer
care. Successful implementation requires high-
quality data, external validation, transparency,
equitable performance, secure data governance,
regulatory oversight, and appropriate integration
into clinical workflows. AI should function as a
clinical decision-support partner rather than an
autonomous authority. Oncologists and multidis-
ciplinary cancer teams remain essential for in-
terpreting Al-generated information, considering
patient preferences, balancing benefits and risks,
and making final treatment decisions. Ultimately,
Al-driven precision oncology has the potential to
move cancer medicine from generalized treatment
pathways toward increasingly individualized care.
By combining computational power with clinical
expertise and patient-centered decision-making,
AI may contribute to a future in which cancer
prevention, diagnosis, treatment, and follow-up
are increasingly predictive, personalized, efficient,
and responsive to the unique biological and clin-
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ical characteristics of each patient.




7. AlI-DRIVEN PRECISION
CARE FOR ORAL DISEASES

Background

The integration of Artificial Intelligence (AI) into
healthcare has emerged as a transformative force,
particularly in the field of oral health manage-
ment. Al encompasses a variety of technologies
and methodologies aimed at enhancing decision-
making and diagnostic accuracy through machine
learning, pattern recognition, and data analysis
capabilities. The application of AI in dentistry
is increasingly being recognized for its potential
to streamline clinical workflows, improve patient
outcomes, and reduce healthcare disparities.

Oral diseases, such as dental caries, periodon-
tal disease, tooth loss, oral mucosal lesions, and
oropharyngeal cancer, represent significant public
health challenges worldwide, imposing substan-
tial burdens on health systems and economies.
These conditions are often preventable and can be
effectively managed through comprehensive pre-
ventive strategies and better resource allocation.
The advent of Al technologies has enabled the
development of innovative models that enhance
diagnostic processes and personalize treatment
plans, thus promoting improved oral health out-
comes. For example, Al can leverage multimodal
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data, such as patient demographics and medical
history, to aid in early detection and diagnosis,
identifying conditions that may not be apparent
through traditional examination methods.

Moreover, Al has the potential to optimize health-
care resource distribution, ensuring equitable ac-
cess to quality care regardless of socioeconomic
status or geographic location. This capability is
particularly critical in the context of oral health,
where disparities in access to dental care can lead
to significant health inequities. With ongoing ad-
vancements in Al, the era of smart healthcare
is approaching, promising to revolutionize trad-
itional paradigms in oral health management and
public health systems at large.

As Al continues to evolve, its applications in oral
health will likely expand, addressing challenges
related to diagnostic accuracy, treatment person-
alization, and patient education. By effectively
integrating clinical and preventive services, Al-
driven approaches can enhance overall oral health
management and contribute to a more effective
public health infrastructure.

Modern healthcare is facing major challenges
driven by chronic diseases and rising costs.
Today'’s challenge is no longer just about maintain-
ing high-quality standards; practitioners must
now move beyond traditional models to funda-
mentally transform clinical decision-making. Ar-
tificial intelligence is influencing the development
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of modern dentistry. Beyond its success in general
medicine, AI has been increasingly applied to den-
tal applications in the fields of oral oncology, peri-
odontal disease, dental caries, diseases of the den-
tal pulp, and periapical lesions, as well as in assist-
ing with complex implant planning and orthodon-
tic design. Oral diseases remain among the most
common health problems worldwide. The WHO
Global Oral Health Status Report (2022) estimates
that oral diseases affect nearly 3.5 billion people
worldwide, especially in low- and middle-income
countries, where high diagnostic and treatment
costs create barriers to care. Consequently, 75% of
individuals in these regions suffer from untreated
dental conditions. In addition to the clinical chair-
side examination, which is the foundation of diag-
nosis, radiographic dental imaging is essential for
diagnosing oral and dental diseases. However, im-
age-based dental diagnosis has limitations and re-
mains a subjective process, as it relies on clinician
experience and is prone to inter-observer incon-
sistency. Technical challenges, such as anatomical
overlap in radiographs and metallic artifacts in CT,
increase the risk of error. Expert systems aim to as-
sist experts in managing these risks using rule-
based algorithms. Following the proven success of
deep learning in complex medical tasks, including
cancer, lung, and eye diseases, researchers are in-
creasingly applying these AI methodologies to
overcome the diagnostic challenges of oral and
dental medicine. Periodontal disease presents an-
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other important example. There is a well-estab-
lished link between periodontal disease and sys-
temic diseases, such as diabetes and cardiovascu-
lar disease. Because traditional clinical examin-
ation and conventional radiographs are limited by
inherent subjectivity, a branch of artificial intelli-
gence (AI), computer vision, has recently been
widely applied to medical image analysis. These Al
models have demonstrated a remarkable capacity
to minimize human error, automate diagnostic
workflows, and significantly enhance the accuracy
of medical diagnosis. Implant dentistry also bene-
fits from precision-based Al applications. Success-
ful implant planning requires the evaluation of
bone density and local anatomy to determine the
ideal three-dimensional position, dimensions, and
angulation of the fixture. While traditional
methods rely on manual assessments, Al algo-
rithms can now process complex patient data to
suggest optimal implant placement. Moreover, Al
can provide predictive modeling and simulation
capabilities, allowing clinicians to visualize the ex-
pected outcomes of different treatment ap-
proaches before initiating the procedure. This
shift enhances both the accuracy of the planning
and the predictability of the outcome. Despite the
potential benefits, the integration of Al into dental
practice introduces ethical, legal, and practical
considerations. Issues such as data privacy, par-
ticularly when patient radiographs and clinical
records are used to train commercial algorithms,
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remain important concerns. Algorithm transpar-
ency and clarification of professional liability are
other challenges that must be addressed to ensure
the responsible and ethical use of Al technologies
across all dental disciplines. Professional liability
remains unclear when Al recommendations influ-
ence treatment decisions. As Eric Topol (2019) ar-
gued, medical AI must remain accountable to
human clinical judgment rather than function as
an independent authority.

Al Applications In Oral
Disease Detection

Overview Of Al In Oral Health
Artificial Intelligence (AI) is revolutionizing the

diagnosis and management of oral diseases by
enhancing the accuracy and efficiency of detecting
various conditions. Through the application of ad-
vanced technologies such as machine learning and
deep learning, Al systems analyze complex data-
sets, including dental images, patient records, and
treatment histories, to identify patterns and pre-
dict health outcomes.

Machine Learning And
Image Recognition
Machine learning, a core component of Al, en-
ables systems to learn from historical data and
improve over time without explicit programming.
In the context of oral health, algorithms analyze
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dental X-rays, CT scans, and intraoral images to
detect early or subtle signs of diseases, facilitating
timely intervention and better patient outcomes.
Convolutional Neural Networks (CNNs), a popu-
lar architecture within deep learning, are particu-
larly effective at recognizing features in images,
thereby improving diagnostic precision in identi-
fying dental conditions.

Early Detection Of Oral Diseases

AI technologies are instrumental in the early
detection and diagnosis of oral diseases. For in-
stance, systems equipped with image recognition
capabilities can automatically assess the health of
teeth, gums, and soft tissues through various im-
aging modalities, such as dental X-rays and 3D im-
aging. This real-time analysis allows for continu-
ous monitoring of patients' oral health, which is
particularly beneficial for elderly patients or those
with multiple systemic conditions, as AI can also
track physiological indicators and vital signs.

Enhancements In Diagnostic
Accuracy
The integration of Al into dental practice enhances
the accuracy of diagnosing rare oral conditions
and diseases that may otherwise go unnoticed.
Studies have demonstrated that AI algorithms, es-
pecially those employing CNNs, outperform trad-
itional methods by achieving high accuracy rates
in automated quantitative assessments, such as

127




MEHRDAD FARROKHI

tracing cephalometric landmarks. These advance-
ments signify a shift towards more data-driven,
evidence-based approaches in oral healthcare, ul-
timately leading to improved clinical decision-
making and patient outcomes.

Al-Driven Treatment Strategies
Al-driven treatment strategies in dentistry lever-
age advanced computational techniques to en-
hance patient care through personalized treat-
ment plans, proactive monitoring, and improved
patient engagement.

Personalized Treatment Plans

Al systems are capable of analyzing extensive pa-
tient data, including oral histories, dental images,
and treatment outcomes from similar cases, to
formulate personalized treatment plans. By tailor-
ing these plans to each patient's specific needs,
AT helps ensure optimal treatment outcomes. For
example, in orthodontics, AI has been employed
to create customized clear aligner treatments
that consider individual anatomical features and
treatment goals, thereby enhancing patient under-
standing and acceptance of the proposed treat-
ment.

Proactive Monitoring
AI technology enables continuous tracking of pa-
tients' oral health over time, facilitating the early
detection of potential issues. Through real-time
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monitoring of examination results and follow-up
data, Al systems can alert both patients and dental
professionals to any adverse trends in oral health.
This proactive approach allows for timely inter-
ventions that can prevent the progression of den-
tal conditions.

The integration of wearable devices and mobile ap-
plications further enhances this monitoring cap-
ability, enabling remote assessments and consult-
ations that increase accessibility to dental care.

Treatment Decision Support

Al serves as a decision-support tool for dental
practitioners, providing evidence-based recom-
mendations and treatment alternatives tailored
to the individual patient's condition. By simulat-
ing different treatment scenarios and outcomes,
Al aids clinicians in making informed choices
regarding materials, techniques, and procedures.
This comprehensive support not only helps en-
hance treatment efficacy but also improves overall
patient engagement by making the treatment pro-
cess more transparent and understandable.

Enhancing Patient Engagement
Al-driven patient engagement tools, such as vir-
tual assistants, contribute significantly to en-
hancing the patient experience. These tools can
remind patients about appointments, provide per-
sonalized oral health tips, and facilitate commu-
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nication with dental care providers. By improving
the flow of information and keeping patients in-
formed, AI helps foster a more interactive and per-
sonalized approach to dental care.

Benefits Of Al-Driven Precision Care
Al-driven precision care offers numerous advan-
tages in the management and treatment of oral
diseases, fundamentally enhancing patient out-
comes and operational efficiencies within dental
practices.

Enhanced Diagnostic Accuracy

Artificial intelligence significantly improves diag-
nostic precision by integrating various imaging
datasets and providing actionable insights for per-
sonalized care. For instance, Al can simulate differ-
ent treatment outcomes, enabling dental profes-
sionals to make more informed decisions along-
side their patients. This capability fosters greater
patient engagement and supports individualized
treatment plans tailored to specific needs, ul-
timately leading to improved care experiences.

Improved Treatment Planning
Al systems can analyze extensive data sets to
provide recommendations that resonate with in-
dividual patient profiles, thereby optimizing treat-
ment strategies. The ability to evaluate clinical
relevance, cost-effectiveness, and overall patient
care pathways ensures that AI not only enhances
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diagnostic accuracy but also supports better man-
agement of treatment processes. This integration
allows for a more streamlined approach in dental
practices, making it easier for teams to coordinate
care efficiently.

Operational Efficiency
By automating various administrative tasks, such
as appointment scheduling, medical record man-
agement, and billing, AI reduces the workload for
healthcare staff and enhances overall work effi-
ciency in dental clinics. Moreover, AI's capability to
analyze patient flow and treatment demand aids
clinics in optimizing resource allocation, which in
turn improves service quality and increases pa-
tient satisfaction. Such automation also facilitates
a better-organized clinical environment, helping
to alleviate patient anxiety through personalized
service enhancements, such as preferred music or
entertainment options during visits.

Accessibility And Patient
Engagement
Al applications in oral health promote greater
accessibility to diagnostic tools and treatment op-
tions, especially in diverse and low-resource set-
tings. By ensuring that AI models are trained on
representative datasets, the potential for dispar-
ities in health outcomes is minimized, allowing
for a more equitable distribution of advanced
dental care. Furthermore, Al assists in creating
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personalized treatment plans, thereby fostering a
more collaborative approach to healthcare deci-
sion-making between patients and providers.

Continuous Improvement

And Data-Driven Insights
The integration of Al in dental practices not only
supports real-time decision-making but also con-
tributes to ongoing learning and refinement of
diagnostic and treatment protocols. By evaluating
key performance indicators, such as sensitivity,
specificity, and clinical impact measures, Al sys-
tems provide valuable feedback that can enhance
future patient care strategies. This cycle of con-
tinuous improvement positions Al as an essential
partner in achieving optimal treatment outcomes
and advancing the standards of oral healthcare
globally.

Challenges And Limitations

Data Privacy And Security Concerns
Data privacy and security are fundamental issues
in the deployment of AI technologies within
healthcare. The use of large language models
(LLMs) and other Al systems raises concerns about
the exposure of sensitive user information, high-
lighting the need for stringent security measures
and compliance with regulations such as the Gen-
eral Data Protection Regulation (GDPR). Ensuring
that patient data are stored securely and man-
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aging access effectively are crucial to maintaining
trust and regulatory compliance. Additionally, im-
plicit biases present in training datasets can lead to
disparities in healthcare outcomes, necessitating
an intentional focus on fairness and equity in Al
development.

Ethical And Regulatory Challenges

The integration of artificial intelligence (AI) in
oral healthcare presents significant ethical and
regulatory challenges. One major concern revolves
around the protection of sensitive personal infor-
mation contained in oral health data, necessitat-
ing robust measures to prevent data leakage and
misuse. Securing informed consent for the use
of such data is also critical, particularly as AI
systems increasingly contribute to clinical deci-
sion-making processes. Additionally, the question
of accountability arises when an AI diagnosis is
incorrect, leading to debates over whether respon-
sibility lies with the healthcare provider or the Al
developer. Regulatory pathways for approving Al
as a medical tool require further exploration and
improvement to ensure safety and efficacy in clin-
ical applications.

Clinical And Implementation
Challenges
Al-driven clinical decision support systems (Al-
CDSSs) show promise in improving the manage-
ment of oral diseases; however, their clinical im-
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plementation faces several obstacles. One critical
limitation is the accuracy of the AI model, which
can be compromised by missing, erroneous, or
inconsistent data. The quality and representative-
ness of training datasets are vital for Al perform-
ance, and the lack of comprehensive multimodal
datasets further complicates model training, es-
pecially in resource-limited settings. Moreover,
standardizing data collection procedures and en-
suring data security remain paramount challenges
that must be addressed to enhance AI's clinical
utility.

Technical Limitations And Bias

The technical limitations of Al systems further
complicate their application in oral healthcare.
Algorithms may generate biased outcomes due to
flawed programming or autonomous learning pro-
cesses. The "black box" nature of many AI models
can make it difficult for healthcare providers to
understand the rationale behind Al-generated de-
cisions, which is critical for maintaining transpar-
ency and trust in clinical settings. Furthermore, as
Al systems evolve, there is a pressing need for con-
tinuous validation and rigorous testing to ensure
their safety and efficacy in practice. Addressing
these challenges is essential for the successful in-
tegration of Al into oral healthcare.

Future Directions
The future of Al-driven precision care for oral dis-
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eases is poised for transformative advancements
that aim to enhance diagnostic accuracy, optimize
treatment planning, and improve overall patient
outcomes. As the integration of artificial intelli-
gence (AI) in oral healthcare continues to evolve,
several key areas of focus emerge.

Prospective Clinical Trials

Future developments necessitate the implemen-
tation of prospective clinical trials that evaluate
the effectiveness of Al-based clinical decision sup-
port systems (AI-CDSS) in real-world settings. Cur-
rent studies primarily rely on retrospective data,
which often overestimates the actual performance
of these systems when applied in diverse clinical
environments. Standardized methodologies and
comprehensive evaluation metrics, encompassing
not only diagnostic accuracy but also clinical
relevance, cost-effectiveness, and patient care en-
hancements, are critical for establishing the reli-
ability and generalizability of AI-CDSS across vari-
ous patient demographics.

Regulatory Frameworks And
Ethical Considerations
As AI technologies become more integrated
into oral healthcare, robust regulatory frame-
works must be established to address ongoing
performance monitoring, accountability, and eth-
ical implications. Addressing concerns related to
algorithmic transparency and patient safety will
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be essential to foster trust in Al systems among
healthcare professionals and patients alike. Fu-
ture regulatory approaches should ensure the sus-
tained efficacy of AI-CDSS while adapting to evolv-
ing clinical settings and patient populations.

Technological Innovations
Emerging technologies will further revolutionize
diagnostic techniques and treatment strategies in
dentistry. Innovations such as Al-enhanced diag-
nostic tools, real-time decision-making platforms,
and predictive analytics will provide dental prac-
titioners with unprecedented insights. Moreover,
ongoing research and development will explore
the potential of AI in personalizing treatment

based on genetic and biomarker analysis, which
could lead to more tailored therapeutic interven-
tions.

Collaborative Care Models
The integration of AI into dental practices also
emphasizes the shift towards more collaborative,
patient-centered care models. By moving from
fragmented approaches to connected and collab-
orative frameworks, healthcare providers can en-
sure that AI acts as an accelerator, enhancing
the capabilities of clinicians and optimizing pa-
tient care pathways. This transformation high-
lights the need for interdisciplinary collaboration
among dentists, Al specialists, and technologists
to redefine standards of care and improve patient
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satisfaction.

Continuous Learning

And Adaptation
Al systems are designed to learn and adapt over
time, which allows them to improve their accur-
acy and efficiency as they process new data. Fu-
ture iterations of Al-driven technologies will likely
leverage advanced machine learning algorithms
and neural networks to continuously refine their
capabilities, ensuring that practitioners have ac-
cess to the latest insights and best practices in oral
healthcare.
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8. AI-DRIVEN PRECISION CARE
FOR ORTHOPEDIC DISEASES

Background
Musculoskeletal conditions are considered major
global health problems and affect more than
1.7 billion people throughout their lives. Among
these conditions, osteoarthritis and back pain are
the most common, and they are major contribu-
tors to long-term pain, disability, and reduced
productivity, imposing nearly $215 billion each
year in healthcare expenses and economic losses.
Artificial intelligence, utilizing deep learning and
machine learning, has demonstrated excellent
performance in scientific fields such as orthopaed-
ics, sports medicine, physiotherapy, and kinesi-
ology. In orthopaedics specifically, AI has become
increasingly powerful in diagnostic tasks, includ-
ing osteoarthritis grading, fracture identification,
and the prognostication of surgical outcomes and
rehabilitation trajectories. Research on artificial
intelligence tools within musculoskeletal (MSK)
rehabilitation remains at an early stage, with
previous research primarily addressing the initial
phases of patient management, particularly triage
processes. At the same time, the strong capabil-
ities of large language models (LLMs) in extracting
information, integrating knowledge, and generat-
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ing content suggest significant potential to sup-
port clinicians in providing personalized patient
education, enhancing both the quality and effi-
ciency of education while alleviating physicians’
workload. Artificial intelligence (AI), particularly
machine learning (ML), enables the use of diverse
sources of information to support more advanced
analytical modelling. ML represents a subset of Al
algorithms that can be trained to automatically
recognize patterns within data and generate pre-
dictive outputs. In parallel, large language models
(LLMs) are sophisticated systems trained on exten-
sive collections of textual data to produce human-
like language. Using approaches such as retrieval-
augmented generation, these models are capable

of completing multiple language-related tasks, in-
cluding interpreting and understanding medical
articles.

Knee osteoarthritis (OA) is the most prevalent
musculoskeletal condition globally, characterized
as a chronic and progressive degenerative joint
disorder that results in considerable functional
disability and markedly compromises patients’
quality of life. Machine learning approaches for
early detection of knee osteoarthritis, utilizing
MRI-based features related to morphology, mo-
lecular architecture, and biomechanical properties
together with large cohort datasets, have con-
tributed to the development of predictive and
diagnostic models capable of identifying cartilage
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lesions and supporting medical image analysis.
Furthermore, previous studies have shown that
GPT-4 and machine learning methods, by learn-
ing from available data, can generate personalized
guidance for knee osteoarthritis self-management
and predict disease progression through increases
in Kellgren and Lawrence's (KL) grade and reduc-
tions in medial and lateral joint space. Moreover,
artificial intelligence has addressed challenges in
the diagnosis and imaging of osteoarthritis. Sev-
eral deep learning models that analyze baseline X-
ray and MRI images have been developed to assess
the risk of osteoarthritis and to improve the classi-
fication of knee osteoarthritis.

Low back pain, representing a global public health
challenge, is defined as pain, stiffness, and muscle
tension localized between the subgluteal crease
and the costal margin, caused by intervertebral
disc breakdown, with or without radiating symp-
toms to the lower extremities, and affects 65%
to 85% of people during their lifetime. Artificial
intelligence can be applied to radiological datasets
for feature extraction, automatic segmentation,
and routine reporting in spine MRI, enabling the
identification of degenerated discs, the classifica-
tion of scoliotic curves, and the detection of verte-
bral fractures. Furthermore, in this regard, Moran
Suo and colleagues reported that artificial intelli-
gence algorithms outperform traditional methods
in improving the performance of predictive
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models. They also demonstrated that integrating
radiomics-derived features with clinical variables
significantly enhances the prediction of pain in-
tensity in patients with chronic nonspecific low
back pain (cNLBP).

Han et al. proposed a deep learning-based method
for diagnosing lumbar neural foraminal stenosis
using MRI images. Their model, DMML-Net, inte-
grates multiscale feature learning and multitask
learning to simultaneously localize and analyze
multiple spinal structures, enabling automated
and efficient disease diagnosis.

Artificial intelligence is capable of answering
users’ questions; however, studies show that many
ChatGPT-generated responses in orthopedic topics
may be outdated or inadequate. Ottomanelli et al.
reported that most ChatGPT responses offer gen-
erally satisfactory yet limited information when
addressing patients’ questions about biceps ten-
odesis. Christopher K. et al. also reported that
when ChatGPT was asked questions about shoul-
der arthroplasty, its responses were generally
considered satisfactory; however, most required
additional clarification. AI has shown promising
improvements in speed, cost-efficiency, and diag-
nostic performance in musculoskeletal imaging.
Axenhus et al. reported that an artificial neural
network can delineate degenerative changes and
classify glenoid erosion and cuff tear arthropathy,
particularly in recognizing more severe cases.
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In medical rehabilitation, AI showed a strong
ability to predict return to work after medical
rehabilitation for individuals with musculoskel-
etal disorders, but it cannot substitute for expert
clinical reasoning in the organization of phys-
ical activity prescription protocols. Additionally,
by integrating AI algorithms with an app, for
example, by using a shoe-integrated sensor sys-
tem and real-time monitoring of patients’ gait, it
is possible to collect gait data and automatically
diagnose patients with chronic ankle instability.
Machine learning algorithms based on ultrasound
(US) images, combined with ensemble methods,
can predict tendinopathies such as lateral elbow
tendinopathy.

Orthopedic practice has traditionally relied on
evidence-based medicine, which standardizes care
through randomized controlled trials. However, as
Kader and colleagues (2025) explain, this one-size-
fits-all approach often fails to account for individ-
ual patient differences. Precision orthopedics aims
to incorporate each patient's unique anatomical,
biomechanical, molecular, and kinematic charac-
teristics into clinical decisions (Sadoghi et al.,,
2025). Artificial intelligence, including machine
learning and deep learning, has become a key en-
abler of this transition. AI tools analyze medical
images, plan surgeries, predict complications, and
support personalized implant design.

One of the most extensively investigated applica-
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tions of AI in orthopedics is musculoskeletal im-
aging. Deep learning systems have demonstrated
promising performance in fracture detection,
osteoarthritis assessment, implant evaluation,
and quantitative imaging analysis. In orthopedic
trauma imaging, Al-based algorithms have shown
the ability to analyze radiographs with diagnostic
performance approaching expert interpretation
in selected clinical settings. Furthermore, a sys-
tematic review and meta-analysis by Polce et al.
reported favorable diagnostic performance of ma-
chine learning algorithms for fracture detection
across multiple studies, although concerns regard-
ing external validation and clinical implementa-
tion remain important limitations.

Beyond diagnosis, Al is increasingly being ex-
plored as a tool for precision orthopedic care
because of its potential to support individual-
ized prediction of clinical outcomes and adverse
events. Machine learning models have been in-
vestigated for predicting postoperative complica-
tions, hospital readmission, prolonged length of
stay, and implant-related outcomes in orthopedic
surgery. These predictive capabilities may improve
perioperative optimization, surgical planning, pa-
tient counseling, and shared decision-making by
facilitating more individualized and patient-spe-
cific treatment strategies.

In arthroplasty, AI and machine learning ap-
proaches have been proposed as useful tools for
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improving patient selection, outcome prediction,
resource utilization, and implant-related decision-
making. Ramkumar et al. described arthroplasty
as a field approaching a “tipping point” in Al
integration because of the increasing availability
of digital technologies and large clinical data-
sets. Such developments are particularly relevant
because arthroplasty outcomes are influenced by
multiple interacting variables, including patient-
specific factors, implant positioning, surgical tech-
nique, and postoperative recovery.

Al is also increasingly associated with robotic-as-
sisted surgery and computer-assisted navigation.
In unicompartmental knee arthroplasty, robotic-
assisted techniques have been associated with
improved implant positioning and lower revision
rates in systematic review data. More broadly, ro-
botic and navigation technologies are considered
important components of precision orthopedics
because accurate implant positioning and align-
ment may influence postoperative function, im-
plant survivorship, and revision risk.

Despite its considerable promise, artificial intel-
ligence in orthopedic surgery continues to face
important limitations and challenges, including
concerns regarding data quality, algorithmic bias,
interpretability, external validation, reproducibil-
ity, and ethical implementation. Current evidence
therefore supports the role of Al primarily as a
clinical decision-support tool rather than as an au-
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tonomous replacement for surgeon judgment. The
future integration of artificial intelligence into
orthopedic surgery will likely depend on combin-
ing Al-driven technologies with surgical expert-
ise, clinical reasoning, and patient-centered care to
support more personalized and precision-driven
musculoskeletal treatment.

The purpose of this chapter is to synthesize evi-
dence from a curated set of twenty-two articles on
Al-driven precision care for orthopedic diseases.
Rather than answering a narrow quantitative
question, this chapter tells the story of how
Al is being integrated into orthopedic diagno-
sis, treatment planning, risk prediction, and eth-
ical deliberation. The intended audience includes
orthopedic surgeons, researchers, and health pol-
icymakers.

Methods
This chapter follows the standard methodology
for a narrative review in biomedical sciences. A
purposive selection of twenty-two peer-reviewed
articles was made from the published literature
between 2022 and 2026. The selection was based
on direct relevance to Al-driven precision care in
orthopedics, excluding studies focused solely on
rehabilitation or non-orthopedic conditions. The
selected articles include original research studies,
systematic reviews, narrative reviews, health eco-
nomic evaluations, and perspective pieces. They
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were grouped into thematic categories: diagnos-
ticimaging, surgical planning and implant design,
risk prediction, sports knee injuries, emerging Al,
including generative and agentic systems, cost-
effectiveness, and ethics. Results are synthesized
narratively, with attention to both consistent find-
ings and reported limitations across the selected
studies.

Results

Diagnostic Imaging
The most extensively studied application of Al
in orthopedics is fracture detection on plain
radiographs. Hansen and colleagues (2024) con-
ducted a systematic review and meta-analysis of

deep learning for wrist fracture detection across
more than thirty-three thousand radiographs. The
pooled sensitivity was ninety-two percent, with a
confidence interval from eighty to ninety-seven
percent, and the pooled specificity was ninety-
three percent, with a confidence interval from
seventy-six to ninety-eight percent. The authors
noted considerable heterogeneity among the in-
cluded studies and a high risk of bias in several of
them.

A primary study by Gan and colleagues (2024)
developed a deep learning model to identify and
classify distal radius fractures using two thou-
sand two hundred forty wrist radiographs. Their
DenseNet121 model achieved an area under the
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curve (AUC) of 0.941 for fracture identification
and 0.96 for classifying type A, B, and C fractures.

Glinkowski and colleagues (2025) provided a
broad review of AI in orthopedics covering five
domains. They reported that Al-assisted fracture
detection reaches approximately ninety-two per-
cent specificity and ninety percent sensitivity,
while implant identification accuracy can reach
ninety-seven to ninety-nine percent. Al-based pre-
operative planning tends to reduce intraoperative
corrections, shorten surgery time, and lower blood
loss. However, most studies lack external valid-
ation and are conducted at single centers.

Multimodal imaging integrates information from
X-ray, CT, MRI, PET, ultrasound, and biochem-
ical data. Luo and colleagues (2025) reviewed
this approach and concluded that multimodal AI
overcomes the limitations of single modalities, en-
abling more comprehensive structural, metabolic,
and functional assessments for osteoarthritis,
osteoporosis, and tumors. Nevertheless, a trans-
lational gap persists between algorithm develop-
ment and clinical implementation.

In osteoarthritis, Awasthi and colleagues (2025)
examined AI systems that use radiographic and
MRI data for progression prediction, disease grad-
ing, and surgical outcome forecasting. They iden-
tified a lack of external validation, dataset bias,
and workflow integration challenges as major bar-
riers.
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For spine surgery, Girgis and colleagues (2025) re-
viewed Al applications in intraoperative imaging
and navigation, including low-dose CT protocols,
metal artifact reduction algorithms, and three-di-
mensional reconstruction from two-dimensional
images. These technologies aim to reduce radi-
ation exposure and improve navigational accur-
acy. Kumar and colleagues (2025b) extended this
work to include robotic guidance platforms such
as Mazor X and ExcelsiusGPS, deep learning-based
morphometric analysis, and genomic risk strati-
fication through genome-wide association studies
and polygenic risk scores, enabling a transition
from reactive to predictive spine care.

Surgical Planning And
Implant Design
Preoperative planning for total hip arthroplasty
has been improved by Al-assisted three-dimen-
sional systems. Xi and colleagues (2025) con-
ducted a prospective study comparing Al-driven
three-dimensional planning using the AI-HIP sys-
tem with conventional two-dimensional templat-
ing. Patients in the AI group showed higher Har-
ris Hip Scores, better hip range of motion, and
improved Barthel Index scores six months after
surgery. Operative time was shorter, intraopera-
tive blood loss was lower, and conformity of the
acetabular and femoral components was greater.
No significant differences were observed for ante-
version angle, acetabular abduction angle, or leg
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length discrepancy.

For total knee arthroplasty, Li and colleagues
(2025) performed a systematic review of sixteen
studies from nine countries on Al for prosthesis
design. Deep learning models, especially convolu-
tional neural networks, achieved size prediction
accuracy between seventy-seven and ninety-one
percent, rising above ninety-nine percent when
an error of plus or minus one implant size was
allowed. Prosthesis recognition for manufacturer
and model using EfficientNet or YOLO architec-
tures reached near-perfect classification accuracy
and area under the curve values. Al can automate
the entire process from image segmentation to
prosthesis generation in less than fifteen minutes.

However, the authors call for high-level clinical
validation of long-term outcomes, such as func-
tional recovery and prosthesis survival.

Predicting And Preventing
Adverse Outcomes

Periprosthetic Joint Infection
A systematic review by Chong and colleagues
(2023) categorized machine learning applications
for periprosthetic joint infection into prediction,
diagnosis, antibiotic use, and prognosis. Machine
learning helps with preoperative health optimiza-
tion, early infection diagnosis, and outcome pre-
diction, but the review notes limitations including
the black box nature of models, overfitting, lack
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of external validation, and retrospective study de-
signs. Another systematic review by Nairne-Nagy
and colleagues (2025) focused specifically on diag-
nostic machine learning models for hip and knee
prosthetic joint infection. The reported area under
the curve values ranged from 0.68 to 0.993. Pros-
thetic joint infection carries a five-year mortality
as high as twenty-one percent. Few studies have
externally validated their models.

Bone Metastasis

Bulut and colleagues (2025) reviewed AI and
machine learning applications for managing
bone metastases, including segmentation, lesion
detection, fracture risk assessment, surgical deci-
sion support, and prognostic modeling. Internal
performance is generally high, but external valid-
ation is rare, and few tools are integrated into rou-
tine workflows. The authors advocate for Al-aug-
mented replacements for the Mirels score.

Osteoporosis Screening

Reginster and colleagues (2025) evaluated the
cost-effectiveness of Al-driven opportunistic
osteoporosis screening using chest radiographs in
German women aged fifty years and older. A mi-
crosimulation Markov model and decision tree
found a cost per quality-adjusted life year gained
of €13,340, which is far below the €60,000 will-
ingness-to-pay threshold. The authors concluded
that this strategy is cost-effective.
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Sports Knee Injuries

Gill and colleagues (2025) reviewed AI appli-
cations for sports-related knee injuries, includ-
ing anterior cruciate ligament rupture predic-
tion, graft failure forecasting, and return-to-sport
modeling. Biomechanical and physiological data-
driven models achieved area under the curve
values above 0.90 in experimental settings. How-
ever, most models remain investigational because
of limited explainability, limited training datasets,
insufficient external validation, and datasets that
are either unrepresentative of athletic populations
or narrowly focused.

Emerging Al: Generative

And Agentic Systems
Oettl and colleagues (2025) reviewed generative
Al, including large language models, in areas
covering automated documentation, orthopedics,
simplification of complex medical information,
and patient-provider communication. The evi-
dence base is currently limited, and the black
box nature of these models raises important con-
cerns regarding transparency, reliability, and clin-
ical use.

Agentic Al refers to systems that act as semi-
autonomous collaborators. Billi and Bini (2025)
describe agents that can process information, act
independently, seek help, deploy other software,
and learn from their actions, potentially work-
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ing within multi-agent and federated learning
architectures. The authors highlight regulatory
and ethical challenges concerning transparency,
equity, accountability, and human agency.

Cost-Effectiveness Of Al-
Driven Technologies

Rajan and colleagues (2022) evaluated robotic-
assisted versus manual total knee arthroplasty
using a Markov model. At high-volume institu-
tions with more than two hundred cases annu-
ally, robotic equipment cost approximately $3,931
per case, and the incremental cost-effectiveness
ratio was $2,331 per quality-adjusted life year. At
medium volume, with one hundred cases annually
and $7,463 per case, the incremental cost-effect-
iveness ratio was $15,685 per quality-adjusted
life year. At low volume, with ten cases annu-
ally and $71,025 per case, the incremental cost-
effectiveness ratio rose to $256,055 per quality-ad-
justed life year, exceeding typical willingness-to-
pay thresholds. Thus, economic viability depends
heavily on surgical volume.

The osteoporosis screening study by Reginster and
colleagues (2025) provides a contrasting example
in which population-level Al screening was cost-
effective at €13,340 per quality-adjusted life year,
suggesting that scalable applications can be eco-
nomically favorable even at moderate volumes.
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Ethical And Bioethical

Considerations
Montanari Vergallo and colleagues (2025) exam-
ined four ethical areas: confidentiality risks, in-
formed consent for AI use, the rationale for Al
in patient care, and the impact on medical pro-
fessionalism and the therapeutic alliance. They
warned that Al might reduce empathy and person-
alization, potentially harming the doctor-patient
relationship.

Kiwinda and colleagues (2025) provided an ortho-
pedic-specific bioethical framework based on four
core principles: justice, nonmaleficence, benefi-
cence, and autonomy. Their review of twenty-

three studies identified recurring concerns about
regulation, informed consent, transparency, bias,
and privacy. They recommend strengthening priv-
acy safeguards, using explainable Al tools, adopt-
ing bias mitigation strategies, and conducting life-
cycle evaluation while establishing clear regula-
tory frameworks.

Discussion
This narrative review synthesizes evidence from
twenty-two articles on AI-driven precision care for
orthopedic diseases. Several cross-cutting themes
emerge from the synthesis.

Diagnostic Al Is Accurate But
Not Yet Generalizable
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Deep learning matches human experts for frac-
ture detection in controlled studies (Hansen et al.,
2024; Gan et al.,, 2024). However, heterogeneity
and risk of bias are substantial, and external valid-
ation is lacking for most models (Glinkowski et al.,
2025; Luo et al., 2025). Clinicians should therefore
view reported performance metrics as potentially
optimistic estimates that may not translate dir-
ectly to diverse clinical settings.

Surgical Planning Al Shows Clear

Benefits In Some Parameters
The prospective total hip arthroplasty study (Xi
et al., 2025) demonstrated improvements in func-
tional scores, operative time, blood loss, and com-
ponent conformity, but not in all joint angles.
For total knee arthroplasty prosthesis design, Al
is technically accurate, but long-term outcome
validation is missing (Li et al., 2025). Technical ac-
curacy does not automatically guarantee clinical
superiority.

Prediction Of Adverse Events
Is Promising But Immature
Machine learning models for periprosthetic joint
infection (Chong et al., 2023; Nairne-Nagy et al.,
2025) and bone metastasis (Bulut et al., 2025) have
not been externally validated sufficiently. In con-
trast, Al-driven osteoporosis screening (Reginster
et al., 2025) has reached a higher readiness level
because the clinical pathway is relatively simple
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and cost-effectiveness has been demonstrated.

Cost-Effectiveness

Depends On Scale
Robotic total knee arthroplasty is cost-effective
only at high-volume centers, whereas AI screen-
ing for osteoporosis is cost-effective at the popu-
lation level (Rajan et al., 2022; Reginster et al.,
2025). Implementation decisions must therefore
consider local case volumes, available infrastruc-
ture, healthcare costs, and institutional capacity.

Ethical Frameworks Converge On

Transparency, Bias, And Consent
Both Montanari Vergallo and colleagues (2025)
and Kiwinda and colleagues (2025) emphasize
explainability, fairness, informed consent, priv-
acy, and preservation of human judgment as
prerequisites for responsible AI adoption. These
principles are particularly important in orthoped-
ics, where AI systems increasingly contribute to
diagnostic assessment, surgical planning, risk pre-
diction, and patient management.

Limitations Of This Review
As a narrative review, selection bias is possible.
No formal risk-of-bias assessment or meta-ana-
lysis was performed. The review excludes non-
English articles and does not cover rehabilitation,
which was outside the defined scope. In addition,
the purposive selection of articles may not capture
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all available evidence on AI-driven precision care
in orthopedics, and the rapidly evolving nature of
Al technologies means that the evidence base may
continue to change as new systems and clinical ap-
plications emerge.

Conclusion

Al-driven precision care for orthopedic diseases
has moved from concept to clinical reality in
several domains. Deep learning detects fractures
with expert-level accuracy. Al-assisted three-di-
mensional planning improves selected total hip
arthroplasty outcomes, and implant design for
total knee arthroplasty is technically highly accur-
ate. Machine learning models can support predic-
tion of periprosthetic joint infection and facilitate
cost-effective osteoporosis screening. Generative
and agentic Al are emerging but require further
validation. Ethical and economic considerations
demand transparent, unbiased, and appropriately
scaled implementation.

However, the field is still limited by a lack of ex-
ternal validation, algorithmic opacity, and regula-
tory fragmentation. Prospective multicenter stud-
ies, explainable Al, and robust regulatory frame-
works are needed before widespread adoption. The
optimal path forward, as Kader and colleagues
(2025) suggest, is a hybrid model that merges Al-
enhanced precision with evidence-based medicine
while preserving clinician oversight, patient au-
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tonomy, and ethical integrity.




9. AI-DRIVEN PRECISION CARE
FOR OPHTHALMIC DISEASES

Background
Ophthalmic diseases represent a major global
health burden and are important causes of visual
impairment, blindness, reduced quality of life, and
loss of productivity. Common ophthalmic condi-
tions, including diabetic retinopathy, age-related
macular degeneration, glaucoma, cataract, retinal
vascular diseases, corneal disorders, and optic
nerve diseases, affect millions of individuals
worldwide. The burden is expected to increase as
populations age and the prevalence of systemic
diseases such as diabetes continues to rise. Early
detection and appropriate management are essen-
tial because many ophthalmic diseases can pro-
gress silently before substantial and irreversible
visual loss becomes apparent. Traditional ophthal-
mic care depends heavily on clinical examination,
visual acuity assessment, intraocular pressure
measurement, fundus examination, optical coher-
ence tomography, fundus photography, visual
field testing, and other imaging techniques. Al-
though these approaches have significantly im-
proved the diagnosis and treatment of eye dis-
eases, their effectiveness can be influenced by dis-
ease complexity, image quality, availability of spe-
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cialist expertise, and interobserver variability.
Furthermore, ophthalmic imaging generates large
quantities of information that may contain subtle
structural and vascular changes that are difficult
to identify consistently through routine assess-
ment. Artificial intelligence (AI), particularly ma-
chine learning (ML) and deep learning (DL), has
emerged as an important technology for address-
ing these challenges. Al systems can analyze large
and complex datasets, recognize patterns, classify
disease severity, estimate future risk, and provide
individualized predictions. In ophthalmology,
deep learning models have demonstrated consid-
erable potential in analyzing retinal photographs,
optical coherence tomography images, visual
fields, anterior segment images, and other clinical
information. By integrating multimodal data, AI-
driven systems may support precision ophthal-
mology by moving clinical care from generalized
diagnostic pathways toward patient-specific risk
assessment, early detection, treatment selection,
and longitudinal monitoring. The potential role of
Al extends beyond image interpretation. Ophthal-
mic diseases are frequently associated with sys-
temic conditions, and retinal structures may pro-
vide information about broader cardiovascular,
metabolic, neurological, and renal health. Conse-
quently, Al-based ophthalmic analysis may con-
tribute not only to the diagnosis of eye diseases
but also to the identification of systemic disease
risk. The following sections discuss the major ap-
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plications of Al-driven precision care across oph-
thalmic diseases, with emphasis on screening,
diagnosis, risk prediction, treatment planning,
monitoring, and personalized patient manage-
ment.

Al-Based Screening And
Early Detection
Early detection is a central principle of preci-
sion ophthalmology because many eye diseases
are initially asymptomatic. Patients may have
substantial retinal or optic nerve damage before
noticing changes in vision. Al-based screening
systems can analyze ophthalmic images and iden-
tify individuals who require further evaluation,
potentially improving access to early diagnosis.
Diabetic retinopathy is one of the most exten-
sively studied applications of Al in ophthalmology.
Diabetic retinopathy develops as a consequence
of chronic diabetes-related microvascular damage
and can progress from mild retinal abnormal-
ities to proliferative disease and diabetic macular
edema. Regular screening is essential, but access
to trained ophthalmologists and retinal specialists
can be limited, particularly in rural and resource-
constrained settings. Deep learning systems can
analyze color fundus photographs and detect le-
sions such as microaneurysms, hemorrhages, ex-
udates, and neovascular changes. Al-based grad-
ing can classify diabetic retinopathy according to
disease severity and identify patients who require
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referral. Automated screening can therefore func-
tion as a triage mechanism, allowing specialists to
focus their attention on patients with more sig-
nificant abnormalities.

Al screening may also support individualized fol-
low-up. Instead of applying the same screening
interval to all patients with diabetes, predictive
models can combine retinal findings with diabetes
duration, glycemic control, age, blood pressure,
renal status, and previous ophthalmic examin-
ations to estimate an individual's risk of progres-
sion. Patients at higher risk could undergo more
frequent assessment, whereas patients with stable
findings and lower risk might require less inten-
sive monitoring.

Age-related macular degeneration (AMD) is an-
other major target for Al-based screening. AMD is
a leading cause of vision loss among older adults
and can progress from early structural changes
to advanced disease. Al algorithms can identify
drusen, pigmentary abnormalities, geographic at-
rophy, and neovascular changes in retinal im-
ages. Automated detection of subtle abnormalities
may facilitate earlier referral and intervention.
Glaucoma presents a similar challenge. Because
glaucoma can progress without symptoms, many
patients are diagnosed only after significant optic
nerve damage has occurred. AI models can evalu-
ate optic disc photographs, retinal nerve fiber layer
measurements, optical coherence tomography,
and visual field information to identify individ-
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uals with suspicious findings. Integrating these
sources may improve the distinction between
healthy eyes and eyes at high risk of glaucoma.

Al In Retinal Imaging
Retinal imaging is particularly suitable for Al be-
cause it produces standardized, high-resolution
visual information. Deep learning models can pro-
cess retinal images and extract features associated
with disease, severity, prognosis, and treatment
response. Fundus photography remains one of the
most accessible retinal imaging techniques. Al can
automatically identify pathological findings and
classify retinal diseases. In addition to diabetic
retinopathy and AMD, Al systems have been in-
vestigated for retinal vein occlusion, hypertensive
retinopathy, retinal detachment, myopic macular
degeneration, and other conditions. Optical coher-
ence tomography (OCT) provides cross-sectional
visualization of retinal structures and has become
essential in the diagnosis and monitoring of ret-
inal diseases. AI can analyze OCT images to seg-
ment retinal layers, identify fluid accumulation,
quantify retinal thickness, and detect structural
abnormalities. Automated segmentation can im-
prove the efficiency of OCT interpretation and
provide quantitative measurements that can be
followed over time. In neovascular AMD, OCT-
based AI may identify intraretinal and subretinal
fluid, pigment epithelial detachment, and other
features relevant to treatment decisions. Because
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anti-vascular endothelial growth factor treatment
frequently requires repeated monitoring, auto-
mated assessment could help determine whether
disease activity persists or recurs. Al can also com-
pare longitudinal OCT examinations. Rather than
assessing each image independently, machine
learning systems can identify changes over time
and estimate whether structural abnormalities are
improving, remaining stable, or worsening. This
longitudinal approach is particularly relevant to
precision care because treatment decisions often
depend on the patient's individual response rather
than a single imaging examination.

Al For Diabetic Retinopathy
Diabetic retinopathy represents one of the clearest
examples of how Al can facilitate scalable pre-
cision ophthalmology. Automated retinal image
analysis can increase screening capacity and po-
tentially reduce the burden on ophthalmologists.
Al can classify diabetic retinopathy into different
severity categories and identify diabetic macular
edema. The ability to perform automated screen-
ing may be particularly valuable in primary care
and diabetes clinics, where retinal photographs
can be obtained without requiring every patient
to see an ophthalmologist. Beyond diagnosis, Al
can estimate future progression. A patient with
mild diabetic retinopathy may have a substantially
different risk of developing vision-threatening
disease depending on systemic and retinal factors.
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Machine learning can integrate these variables to
produce individualized predictions. AI may also
incorporate systemic information. Glycemic con-
trol, duration of diabetes, hypertension, kidney
disease, lipid abnormalities, age, and treatment
history may all influence retinal disease pro-
gression. Combining these variables with retinal
imaging could generate a more comprehensive
risk profile. Such models may support person-
alized screening intervals, referral decisions, and
preventive interventions. However, Al-generated
risk predictions should be interpreted within
the broader clinical context, particularly because
changes in systemic disease management can sub-
stantially alter ophthalmic risk.

Al For Age-Related Macular
Degeneration

AMD is another important field for Al-driven pre-
cision care. The disease has substantial biological
heterogeneity, and patients with apparently simi-
lar clinical stages may experience different rates of
progression.

Al can quantify retinal features associated with
AMD progression. Drusen characteristics, pigmen-
tary abnormalities, retinal layer changes, geo-
graphic atrophy, and neovascular activity can
be analyzed using fundus photography and OCT.
Machine learning models can combine these fea-
tures with demographic and clinical information
to estimate individual risk. Predicting progression
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from early or intermediate AMD to advanced dis-
ease could improve surveillance and treatment
planning. Patients with high predicted risk may
benefit from closer monitoring, while individuals
at lower risk may require fewer examinations. Al
can also assist in differentiating AMD from other
retinal disorders that produce similar imaging
findings. More accurate classification may reduce
diagnostic uncertainty and facilitate appropri-
ate treatment.In neovascular AMD, Al-based OCT
analysis may support treatment monitoring. The
presence or absence of retinal fluid is an important
indicator of disease activity, and automated quan-
tification could assist clinicians in determining
whether additional anti-VEGF treatment is neces-
sary.

Al In Glaucoma Precision Care
Glaucoma is characterized by progressive optic
neuropathy and visual field loss. The disease is
particularly suited to Al-based longitudinal ana-
lysis because diagnosis and progression assess-
ment depend on multiple complementary meas-
urements. AI models can analyze optic nerve
photographs and OCT measurements to identify
structural changes associated with glaucoma. Ret-
inal nerve fiber layer thinning and changes in
the ganglion cell complex can be quantified auto-
matically. Visual field testing provides functional
information, and machine learning can analyze
patterns of field loss to distinguish glaucomatous

167




MEHRDAD FARROKHI

damage from other causes. Combining structural
and functional information may improve diag-
nostic accuracy. Longitudinal AI analysis may
also predict progression. Some patients experience
rapid visual field deterioration, while others re-
main stable for many years. Identifying patients at
greater risk of progression could support more in-
tensive monitoring and earlier treatment.

AI may therefore help personalize decisions re-
garding follow-up frequency and therapeutic in-
tensity. However, glaucoma management requires
consideration of intraocular pressure, optic nerve
appearance, visual function, age, life expectancy,
medication tolerance, and patient preferences. Al
should support rather than replace this compre-
hensive clinical assessment.

Al In Cataract And Anterior
Segment Diseases
Cataract remains a major cause of visual im-
pairment worldwide. Although cataract diagno-
sis is generally straightforward for ophthalmolo-
gists, AI may contribute to automated screening,
grading, and surgical planning. Machine learning
models can analyze anterior segment photographs
and classify lens opacity. In resource-limited set-
tings, automated cataract detection could help
identify individuals who would benefit from spe-
cialist evaluation and surgery. AI may also assist
with intraocular lens selection by integrating
biometric measurements, corneal characteristics,
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axial length, and other parameters. More in-
dividualized predictions may improve refractive
outcomes following cataract surgery. Beyond cata-
ract, Al has applications in corneal diseases. Cor-
neal imaging systems generate information about
curvature, thickness, elevation, and biomechan-
ical properties. Machine learning can analyze these
data to identify keratoconus and other corneal ab-
normalities.

AI may be particularly useful for detecting early
keratoconus, when structural changes may be
subtle. Early identification can allow closer moni-
toring and, when appropriate, early interventions
to prevent progressive corneal deformation.

Al In Retinal Vascular Diseases
Retinal vascular diseases, including retinal vein
occlusion and retinal artery occlusion, can cause
substantial visual loss and may reflect systemic
vascular pathology. AI can identify vascular ab-
normalities in retinal images and OCT scans.
Machine learning can quantify vessel caliber,
branching patterns, tortuosity, and other vascu-
lar features. These measurements may help clas-
sify retinal vascular disease and estimate severity.
Because retinal vascular changes can reflect sys-
temic hypertension, diabetes, and cardiovascular
risk, Al-based retinal analysis may also contrib-
ute to broader health assessment. Models trained
on large datasets have demonstrated that retinal
images contain information related to systemic
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characteristics that may not be directly visible to
clinicians.

This creates an opportunity for ophthalmic im-
aging to become a component of broader precision
medicine. However, the use of retinal images for
systemic disease prediction requires careful valid-
ation before clinical implementation.

Al For Ophthalmic Oncology
Ophthalmic oncology provides another potential
area for Al application. Ocular tumors such as
uveal melanoma and retinoblastoma require ac-
curate diagnosis and timely treatment. AI can
analyze fundus photographs, ultrasound images,
OCT, and other imaging modalities to identify
suspicious lesions. In pediatric retinoblastoma,
automated image analysis may assist in detecting
tumors and monitoring treatment response. For
uveal melanoma, Al may integrate imaging fea-
tures with clinical and molecular characteristics
to estimate metastatic risk. Such individualized
prognostic information could support decisions
regarding surveillance and systemic evaluation.
Al may also assist in distinguishing malignant
lesions from benign conditions that can appear
similar on imaging. Nevertheless, ophthalmic on-
cology is a specialized field in which AI must be
carefully validated because incorrect classification
can have serious consequences.

Al For Neuro-Ophthalmic Diseases
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Neuro-ophthalmology involves disorders affecting
the optic nerve, visual pathways, and ocular mani-
festations of neurological disease. AI may contrib-
ute to the detection of optic neuropathies and the
identification of systemic neurological conditions.
Optic disc imaging can be analyzed to identify
features associated with optic nerve swelling, at-
rophy, or other abnormalities. AI may help dis-
tinguish papilledema from pseudopapilledema, al-
though clinical assessment and neuroimaging re-
main essential. Retinal imaging may also provide
information about neurodegenerative diseases.
The retina contains neural tissue that can reflect
broader neurological processes. Researchers have
investigated Al-based retinal biomarkers for con-
ditions such as Alzheimer's disease, Parkinson's
disease, and multiple sclerosis. Although these ap-
plications remain largely investigational, they il-
lustrate the potential for ophthalmic imaging to
serve as a noninvasive window into neurological
health.

Al And Personalized

Treatment Planning
Precision ophthalmology extends beyond diagno-
sis to individualized treatment selection. Different
patients may respond differently to the same ther-
apy, and treatment decisions often depend on dis-
ease severity, structural characteristics, systemic
health, and previous response. In retinal diseases,
Al may help predict response to anti-VEGF ther-
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apy. Machine learning models can analyze baseline
imaging and clinical characteristics to identify
patients likely to require frequent injections or
prolonged treatment. AI may also assist in predict-
ing treatment resistance. Identifying patients who
are less likely to respond to a particular therapy
could encourage earlier consideration of alterna-
tive strategies. In glaucoma, Al may support indi-
vidualized treatment intensity by estimating pro-
gression risk. In corneal disease, AI can assist in
determining whether a patient is likely to progress
and may therefore benefit from closer monitoring
or intervention. Personalized treatment planning
may reduce unnecessary procedures and improve
resource allocation while ensuring that patients at

higher risk receive appropriate care.

Al In Ophthalmic Surgery
Ophthalmic surgery requires considerable preci-
sion, and AI may contribute to planning, naviga-
tion, and postoperative prediction. In cataract sur-
gery, Al can support biometric analysis and intra-
ocular lens power calculations. More advanced
systems may incorporate historical outcomes to
improve individualized predictions. In vitreoret-
inal surgery, Al-based image analysis could assist
in identifying retinal structures and pathological
regions. Computer-assisted systems may eventu-
ally provide real-time information during com-
plex procedures. Al can also support postoperative
care by predicting complications and visual out-
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comes. Patients at increased risk of adverse events
could receive closer follow-up and targeted inter-
ventions. Robotic assistance remains an emerging
field in ophthalmology. Because ocular structures
are extremely small and delicate, robotic sys-
tems may eventually provide highly precise move-
ments under surgeon supervision. Al could com-
plement these technologies by providing image-
based guidance and real-time decision support.

Al And Teleophthalmology
Teleophthalmology has become increasingly im-
portant for expanding access to eye care. Digital
retinal cameras and portable imaging devices can
collect ophthalmic information outside specialist
clinics, while AI can analyze images remotely. The
combination of teleophthalmology and AI may
be particularly valuable in underserved commu-
nities. Primary care centers, pharmacies, mobile
clinics, and community health programs could ob-
tain retinal images and use automated systems
to identify patients requiring specialist referral.
This approach may reduce geographical barriers
and improve screening coverage. It may also re-
duce unnecessary referrals by identifying patients
whose images do not show clinically significant
abnormalities. Portable devices combined with
Al may further expand access. Smartphone-based
retinal imaging and handheld OCT technologies
are being developed and could facilitate decentral-
ized ophthalmic screening. However, image qual-
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ity, connectivity, device calibration, and popula-
tion-specific validation remain important consid-
erations.

Al For Longitudinal Monitoring
One of the greatest advantages of Al is its abil-
ity to analyze information over time. Ophthalmic
diseases are dynamic, and individual trajectories
can vary substantially. AI can compare repeated
images, visual fields, intraocular pressure meas-
urements, and clinical records to identify changes
that may indicate progression. Longitudinal
models can distinguish transient fluctuations
from meaningful disease progression. Wearable
devices and home monitoring may further expand
this capability. Home-based intraocular pressure

monitoring, visual function assessments, and
other digital measurements could generate con-
tinuous information. Al could identify concern-
ing patterns and alert clinicians when interven-
tion may be required. Such approaches may reduce
dependence on episodic clinic visits and create a
more continuous model of ophthalmic care.

Al And Systemic Disease
Detection Through The Eye
The eye provides a unique opportunity to in-
vestigate systemic disease because retinal vessels
and neural tissues can be directly visualized. Al
has demonstrated potential for extracting sys-
temic information from ophthalmic images. Ret-
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inal photographs may contain features associated
with cardiovascular risk, hypertension, diabetes,
kidney disease, and other systemic conditions. Ma-
chine learning models can detect patterns that
may not be recognizable through routine visual
inspection.

This creates an opportunity for ophthalmology to
contribute to broader precision medicine. An in-
dividual attending an eye clinic could potentially
receive information not only about ocular health
but also about selected systemic risks. However,
these applications require careful validation, ap-
propriate communication, and clear pathways for
confirmatory testing. Al should not be used to
diagnose systemic diseases solely from retinal im-
ages without appropriate clinical evaluation.

Al And Patient-Centered
Ophthalmic Care
Al can also improve patient-centered care by
supporting education, communication, and treat-
ment adherence. Large language models can
generate explanations of ophthalmic conditions,
summarize treatment instructions, and provide
answers to common patient questions. Digital
systems may personalize educational content ac-
cording to a patient's diagnosis, language, health
literacy, and treatment plan. This may improve
understanding and support adherence to medica-
tions and follow-up appointments. AI may also
identify patients who are at risk of nonadherence.
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Factors such as missed appointments, medication
refill patterns, and clinical history can be ana-
lyzed to identify individuals who may benefit from
additional support. Nevertheless, Al-generated pa-
tient information must be clinically reviewed.
Ophthalmic conditions can involve complex and
individualized decisions, and inaccurate or mis-
leading information could negatively affect care.

Challenges And Ethical
Considerations

Despite its potential, Al-driven ophthalmology
faces significant challenges. Data quality is a fun-
damental issue because poor-quality images, in-
complete clinical records, and inconsistent label-
ing can reduce model performance. Generalizabil-
ity is another major concern. A model developed
using images from one population, imaging de-
vice, or healthcare system may perform differently
in another setting. Differences in ethnicity, age,
disease prevalence, image acquisition, and clinical
practice can influence performance.

Algorithmic bias must also be carefully con-
sidered. Underrepresentation of certain popula-
tions can lead to unequal diagnostic accuracy and
potentially worsen healthcare disparities. Diverse
datasets and external validation are therefore es-
sential. Interpretability is important because clin-
icians need to understand why an Al system iden-
tifies a patient as high risk or recommends a par-
ticular action. Explainable Al approaches may help
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by highlighting relevant image regions or clinical
variables.

Patient privacy represents another major consid-
eration. Ophthalmic images can contain sensitive
information, and genetic or systemic predictions
derived from eye images may introduce additional
privacy concerns. Robust governance and secure
data management are essential. Responsibility for
clinical decisions must remain clear. AI should
provide information and recommendations, but
qualified healthcare professionals should retain
responsibility for diagnosis and treatment deci-
sions.

Future Directions

Future developments in ophthalmic Al are likely to
involve multimodal systems that integrate images,
clinical records, laboratory results, genetics, treat-
ment histories, and patient-reported information.
Multimodal AI may create more comprehensive
patient profiles than image-only models. For
example, an AMD system could combine OCT
findings, fundus photography, demographic infor-
mation, genetic risk, treatment history, and longi-
tudinal changes to predict progression and treat-
ment response. Foundation models may also be-
come increasingly relevant. Large models trained
on extensive ophthalmic datasets could poten-
tially perform multiple tasks, including image
classification, segmentation, disease prediction,
report generation, and clinical decision support.
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Digital twins represent another potential develop-
ment. An ophthalmic digital twin could incorpor-
ate longitudinal information about an individual
patient's eye and simulate potential disease tra-
jectories under different treatment strategies. Al-
though this remains an emerging concept, it could
eventually support individualized treatment plan-
ning. Prospective clinical studies will be essential
to determine whether these technologies improve
meaningful clinical outcomes. Technical perform-
ance alone is insufficient. Al systems should be
evaluated according to their impact on visual
outcomes, patient safety, healthcare access, cost,
treatment burden, equity, and quality of life.

Conclusion
Al-driven precision care has the potential to sub-
stantially transform ophthalmology by improving
screening, diagnosis, risk prediction, treatment
selection, monitoring, and patient-centered care.
Deep learning can analyze ophthalmic images
with high efficiency, while machine learning can
integrate imaging with clinical, systemic, and
longitudinal information to produce individual-
ized risk assessments. The greatest value of
Al may arise from combining multiple sources
of information rather than relying on a single
image or biomarker. Multimodal and longitu-
dinal approaches can provide a more compre-
hensive understanding of disease progression and
treatment response, supporting a transition from
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episodic assessment toward continuous and per-
sonalized ophthalmic care. AI may be particularly
valuable in diseases such as diabetic retinop-
athy, AMD, glaucoma, retinal vascular disorders,
and corneal diseases, where early detection and
longitudinal monitoring are essential. It can also
contribute to ophthalmic surgery, teleophthalmol-
ogy, neuro-ophthalmology, ophthalmic oncology,
and systemic disease risk assessment. However,
successful implementation requires high-quality
datasets, external validation, transparency, equit-
able performance, data security, appropriate regu-
lation, and integration into clinical workflows. Al
should not be considered an autonomous replace-
ment for ophthalmologists. Rather, it should func-
tion as a clinical decision-support technology that
complements professional expertise. The future of
ophthalmic precision care will depend on combin-
ing the analytical capabilities of AI with clinical
reasoning and patient-centered decision-making.
When appropriately developed and validated, Al
can help identify disease earlier, estimate individ-
ual risk more accurately, personalize treatment,
monitor disease continuously, and improve access
to specialist care. Ultimately, Al-driven ophthal-
mology may contribute to a healthcare model in
which prevention, diagnosis, treatment, and fol-
low-up are increasingly individualized according
tothe biological, clinical, and personal characteris-
tics of each patient.
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10. AI-DRIVEN PRECISION
CARE FOR OTHER
CHRONIC DISEASES

Al-Driven Precision Care
for Vascular Diseases

Background

Vascular and endovascular surgery has long re-
lied on anatomical surrogates, including diameter
for abdominal aortic aneurysms (AAA), percent-
age stenosis for carotid disease, and angiography
for peripheral arterial disease (PAD), as the pri-
mary drivers of clinical decision-making. While
empirically valuable, these static measures fail to
capture the complex interplay of hemodynamic
forces, molecular pathobiology, and dynamic dis-
ease trajectories that ultimately determine patient
outcomes. The consequence is a one-size-fits-all
approach that systematically over-treats stable le-
sions while missing high-risk phenotypes until
catastrophic events occur.

Artificial intelligence (AI), particularly deep learn-
ing (DL) and multimodal architectures, offers a
fundamental recalibration of this paradigm. Un-
like traditional computational models that rely on
handcrafted features and linear assumptions, Al
can learn hierarchical representations from high-
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dimensional data, bridging structural imaging
with functional hemodynamics, genomics, and
longitudinal clinical trajectories. This perspective
argues that Al is not simply an automation tool
but a new “operating system” for precision vascu-
lar surgery, one that transforms how we perceive,
predict, and intervene upon vascular pathology.

Beyond Diameter: Functional

Phenotyping Through

Multimodal Integration
The limitations of diameter-based AAA manage-
ment are well recognized: aneurysms rupture at
variable sizes, and many reaching the intervention
threshold remain stable indefinitely. Al-driven
multimodal models directly address this gap. A
deep learning algorithm integrating CT images,
radiomic geometric features, and clinical data
achieved an AUC of 0.807 for predicting rapid AAA
progression, significantly outperforming models
using any single modality alone. Simultaneously,
MultiViewUNet, a DL-based surrogate model, pre-
dicts patient-specific hemodynamic parameters,
including wall shear stress and oscillatory shear
index, from CTA data with dramatically reduced
computational cost compared with traditional
CFD, enabling real-time surgical planning.

This principle extends beyond aortic disease.
The integration of multi-omics, including genom-
ics, proteomics, and metabolomics, with machine
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learning is advancing theranostic approaches in
atherosclerosis, moving risk stratification from
population averages to individualized molecu-
lar profiles. A multimodal AI framework further
bridges this gap by systematically fusing im-
aging-omics with multi-omics data to transform
statistical correlations into mechanistic causality,
thereby enabling high-fidelity cardiovascular digi-
tal twins that are both predictive and preventive.
This capacity for functional phenotyping, charac-
terizing disease not by what it looks like but by
how it behaves mechanistically, represents a foun-
dational shift in vascular precision medicine.

From Prediction to Augmentation:
Al as an Active Decision Partner
Al's most immediate clinical impact lies in
augmenting, not replacing, surgical judgment
through robust predictive modeling. In PAD, an Al
model based on ABI dynamic fluctuation patterns
(ABI-DFI) achieved a time-dependent AUC of 0.847
for predicting major adverse limb events, substan-
tially outperforming traditional single-point ABI
(AUC = 0.692). In carotid disease, Al models accur-
ately predict major adverse cardiovascular events
(AUC = 0.84), hemodynamic instability (AUC =
0.86), and hyperperfusion syndrome (AUC = 0.95)
following endarterectomy or stenting, enabling
personalized perioperative risk stratification. For
femoropopliteal chronic total occlusions, an XG-
Boost model integrating radiomics and clinical
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data achieved an AUC of 0.84 for predicting
endovascular treatment success, with SHAP ana-
lysis revealing that both imaging-derived features
and clinical variables meaningfully influence pre-
dictions. Collectively, these findings demonstrate
that Al-based decision support systems, when
properly validated, enhance precision, safety, and
personalization while preserving human agency.

Beyond prediction, AI enables “virtual surgery”
through digital twin technology. The PANDORA
project fuses Al-driven image analysis with high-
fidelity in-silico simulations, allowing surgeons to
test different grafts and operative strategies before
entering the operating theatre. Similarly, a bio-
mechanics-trained diffusion model predicts post-
PCI plaque morphology and rupture risk from
IVOCT images in real time, bypassing the com-
putational burden of finite element modeling and
offering intraoperative visual indicators for stent
landing-site selection. These technologies trans-
form surgical planning from an experience-based
art into a data-driven science, with direct implica-
tions for graft selection, complication avoidance,
and operative efficiency.

Hidden Dimensions: Al as a Critical
Lens on Surgical Disparities
One of AI's most novel contributions is its ability
to interrogate not just biological data but clinical
practice itself. A recent study used AI to ana-
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lyze over 70 variables, including clinical status,
hospital access, and neighborhood resources, to
explain persistent disparities in major amputation
rates among rural and minoritized PAD patients.
After accounting for all standard clinical and
structural factors, a substantial unexplained resid-
ual pointed to implicit bias in clinical decision-
making. By isolating this previously unmeasur-
able dimension, AI provides empirical tools to
study hard-to-quantify drivers of inequity, includ-
ing implicit bias, stereotyping, and intersectional-
ity, and to develop evidence-based guidelines that
support objective, limb-preserving care. This ap-
plication reveals AI's unique capacity to examine
the surgeon as much as the disease, a reflexive
function without precedent in vascular surgery.

Challenges, Ethical Guardrails, and

the Future Human-AI Partnership
Despite these advances, the path to clinical inte-
gration is obstructed by significant barriers. Many
Al models remain “black boxes,” raising concerns
about interpretability, generalizability, and inte-
gration with electronic health records. Standard-
ized reporting guidelines, such as those for AAA
growth and rupture prediction models, are needed
to enable systematic comparison and meta-ana-
lysis across studies. Ethical challenges, including
accountability for algorithm decisions, informed
consent, data privacy, and the risk of dehu-
manization, demand robust legal and educational
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frameworks that preserve the clinician as the cen-
tral agent in the “human-algorithm-patient” triad.
High development costs and uncertain reimburse-
ment further limit widespread adoption, with
frameworks such as the EU AI Act and FDA guid-
ance only beginning to address these gaps.

Future progress depends on three pillars: rigorous
external validation of AI models using multi-
center, prospectively collected datasets; seamless
integration into clinical workflows through co-de-
sign with vascular surgeons; and investment in in-
terpretable Al architectures that provide mechan-
istic insights rather than opaque predictions. The
goal is not autonomous surgery but a symbiotic
partnership in which AI handles computational
complexity and pattern recognition, while sur-
geons retain accountability, contextual judgment,
and human connection.

Conclusion
Multimodal Al is fundamentally reconfiguring the
logic of vascular and endovascular surgery, shift-
ing the focus from static anatomical metrics to
dynamic functional phenotypes, from population
averages to patient-specific simulations, and from
subjective heuristics to empirically grounded de-
cision support. By bridging multi-omics, hemo-
dynamic modeling, and real-time clinical data,
Al enables a new era of precision care that is
both predictive and preventive. The central chal-
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lenge ahead is not technological but translational
and ethical: embedding these powerful tools into
clinical practice without sacrificing transparency,
equity, or human values. The surgeon remains in-
dispensable, not despite Al, but alongside it, as the
accountable orchestrator of a more intelligent and
humane vascular medicine.

Al-Driven Precision Care
for Chronic Diseases in the
Emergency Department

Background
Patients with chronic diseases frequently present
to emergency departments with acute exacerba-
tions, complications, or disease-related crises that
often require rapid and complex clinical decisions.
Traditional emergency care relies on standard-
ized protocols and guidelines that may not fully
account for the substantial heterogeneity among
patients in clinical characteristics, comorbidities,
disease trajectories, and treatment responses. The
rapid progress of artificial intelligence (AI) in re-
cent years has generated novel opportunities to
implement precision medicine principles in emer-
gency settings by enabling the integration and
analysis of diverse clinical data sources. Al-
driven precision care can support individualized
risk stratification, early detection of deterioration,
and tailored therapeutic strategies across a wide
spectrum of chronic diseases. As emergency de-
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partments continue to face rising patient vol-
umes and complexity, these technologies may play
a vital role in improving both patient outcomes
and healthcare efficiency. The following sections
provide an overview of common chronic diseases
frequently presenting to emergency departments
and explore the potential role of Al in enhancing
their diagnosis, risk stratification, and personal-
ized management.

Recent developments in AI have moved beyond
theoretical applications and increasingly demon-
strated practical value in emergency care settings,
particularly in the management of cardiovascular
conditions that frequently present to emergency
departments. By analyzing large-scale clinical da-
tasets, physiological signals, and electronic health
records, Al-based methodologies and deep learn-
ing models can support precision-based emer-
gency care by enabling timely interventions and
individualized management strategies. The fol-
lowing studies provide representative examples of
these applications and illustrate the growing role
of Alin enhancing outcomes among patients with
acute and chronic cardiovascular conditions.

Chronic Cardiac Diseases
The integration of artificial intelligence with
electrocardiography (ECG) has the potential to
enhance the detection of clinical instability in
patients with chronic cardiovascular diseases. In-
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terpretation of ECG findings remains a continuous
challenge for emergency physicians, particularly
in complex situations involving subtle or dynamic
changes. Al-assisted ECG analysis may help iden-
tify disease deterioration, such as the progres-
sion of chronic coronary syndromes toward acute
myocardial infarction, predict adverse cardiac
outcomes, and detect arrhythmias that may con-
tribute to the destabilization of chronic cardiac
conditions. By rapidly analyzing ECG patterns and
recognizing high-risk features, Al-based systems
can support faster clinical decision-making, facili-
tate timely therapeutic interventions, and assist in
determining the need for hospitalization and fur-
ther management, for instance.

Sharkey et al. conducted a retrospective multi-
center study with a sample size of 2,523 individ-
uals with a suspected diagnosis of ST-segment ele-
vation myocardial infarction (STEMI), published
in 2025, in which they evaluated the performance
of an Al-based ECG model for identifying acute
coronary occlusion. Patients were categorized into
acute myocardial infarction with culprit lesion,
acute myocardial infarction without culprit le-
sion, and no-AMI groups, and ECGs activating the
catheterization laboratory were analyzed using
the AI model. The results demonstrated excellent
diagnostic performance, with the model correctly
identifying 93.8% of patients with culprit-related
AMI. The Al model also correctly classified 79.7%
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of patients without AMI, suggesting that Al-based
ECG interpretation could improve the diagno-
sis and management of patients with suspected
STEMI.

Desai et al. conducted a pooled cohort study with
a sample size of 14,126 participants, published in
2025, in which they evaluated whether artificial
intelligence-enabled ECG analysis could improve
the prediction of incident heart failure beyond
conventional clinical risk estimation using the
PREVENT-HF equation. The Al algorithms were de-
signed to detect diastolic dysfunction and systolic
heart dysfunction from standard 12-lead ECGs.
The results showed that participants with posi-
tive ECG-AI screening had a 10- to 20-fold higher

risk of developing heart failure, and the addition
of ECG-AI significantly improved risk discrimin-
ation and reclassification over PREVENT-HF alone.
These findings revealed that Al-powered ECG ana-
lysis may serve as a scalable digital biomarker for
early identification of high-risk patients and tar-
geted interventions at the population level.

Chen et al. conducted a study using a dataset of
6,877 ECG recordings collected from 11 hospitals,
published in 2020, in which they developed and
evaluated a deep learning convolutional neural
network (CNN)-based model for automated de-
tection and classification of cardiac arrhythmias
using 12-lead ECG data. The model achieved first
place in the CPSC2018 competition and dem-
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onstrated strong diagnostic performance, with a
median overall F1-score of 0.84 for nine arrhyth-
mia categories. The results further indicated that
the model was capable of identifying concurrent
arrhythmias and that single-lead ECG data, par-
ticularly leads aVR and V1, performed nearly as
well as full 12-lead recordings, highlighting the
potential of Al-assisted ECG interpretation in clin-
ical practice.

Telemedicine and Prediction
of Hospital Admission
Beyond the prediction of acute cardiovascular
events in emergency settings, artificial intelli-
gence also plays an important role in the continu-
ous monitoring and long-term management of
patients with chronic cardiac diseases. Advances
in digital health technologies have expanded the
application of AI beyond hospital-based care by
enabling remote patient monitoring and early
identification of clinical deterioration, and could
also play an important role in predicting hos-
pital admission. De Filippo et al. conducted a pre-
liminary study within the PrediHealth research
project on patients with chronic heart failure,
in which they developed an integrated digital
healthcare platform combining telemedicine, mo-
bile health technologies, and Al-driven predictive
algorithms. The system incorporated an IoT-based
web platform, a telemonitoring kit with medical
devices and environmental sensors, and predictive
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intelligent systems developed to optimize clinical
decision-making. Preliminary findings suggested
that integrating remote monitoring with predict-
ive analytics may provide a promising strategy
for continuous patient surveillance, early detec-
tion of disease exacerbation, and personalized care
in patients with chronic heart failure. Feretzakis
et al. conducted a study with a sample size of
3,204 emergency department visits, in which they
evaluated multiple machine learning techniques
to predict hospital admission using routinely
available clinical and laboratory parameters, in-
cluding biomarkers, demographic variables, triage
disposition, and ambulance utilization. The study
assessed eight machine learning algorithms to
assist clinical decision-making in the emergency
department. The results demonstrated acceptable
predictive performance. The findings suggest that
machine learning models based on commonly
available biomarkers may serve as low-cost and ac-
cessible tools to improve early hospital admission
prediction and support emergency department de-
cision-making.

Another important application of Al in patients
with chronic cardiovascular diseases is the predic-
tion of major adverse cardiovascular events. Zhang
et al. reported a study with a sample size of 85,254
emergency department patients presenting with
chest pain, published in 2020, in which they devel-
oped and evaluated an artificial intelligence model
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based on a Random Forest algorithm using 14
clinical variables extracted from electronic records
to predict major adverse cardiac events (MACE), in-
cluding acute myocardial infarction and 1-month
all-cause mortality. The results demonstrated ex-
cellent predictive performance. Furthermore, in-
tegration with the hospital information system
enabled real-time clinical decision support for pre-
dicting MACE in patients presenting with chest
pain.

AI could also improve the early prediction of
cardiogenic shock and facilitate timely interven-
tions in emergency cardiovascular care. Hu et al.
conducted a study on patients with acute dec-
ompensated heart failure and/or myocardial in-
farction, in which they developed and validated a
machine learning-based risk stratification model
called CShock for early prediction of cardiogenic
shock. The model was trained using physician-
adjudicated cardiac ICU datasets and designed
to identify patients at risk before the onset of
shock. The results demonstrated strong predict-
ive performance, substantially outperforming the
established CardShock risk model. External valid-
ation further confirmed its generalizability. These
findings suggest that Al-driven dynamic risk pre-
diction models may improve early recognition and
risk stratification of cardiogenic shock in critically
ill patients with cardiac disease.

Collectively, AI may facilitate the implementation
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of precision medicine approaches in chronic car-
diac disease management through personalized
prediction models, continuous monitoring, and
data-driven clinical decision-making.

Metabolic Disorders
Artificial intelligence applications extend beyond
cardiovascular diseases and may also improve the
management of metabolic disorders frequently
encountered in emergency departments. Patients
presenting with hyperglycemic crises often ex-
hibit variable clinical presentations and are at risk
of rapid deterioration and serious complications.
Al-based predictive models may support early risk
stratification and timely clinical decision-making
in these high-risk patients. Hsu et al. reported
a study with a sample size of 2,666 individuals
presenting to emergency departments with severe
hyperglycemic events, published in 2023, in which
they evaluated multiple artificial intelligence al-
gorithms using 22 clinical and electronic medical
record variables to predict adverse outcomes, in-
cluding sepsis/septic shock, ICU admission, and
1-month all-cause mortality. The results showed
that the multilayer perceptron (MLP) model
achieved the best predictive performance, outper-
forming the PHD score in predicting all-cause
mortality, suggesting that real-time AI models
may be promising predictive tools for anticipating
adverse clinical outcomes in patients with hyper-
glycemic events. Another study by Mayol Traveria
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et al. conducted a quasi-experimental study with a
planned sample size of 134 patients with diabetic
ketoacidosis treated in the emergency depart-
ment, published in 2021, in which they evaluated
the implementation of a computer-based clinical
decision-support system and electronic order sets
(CDS&EOS) to standardize diabetic ketoacidosis
management and reduce treatment-related safety
errors. The study compared patient outcomes be-
fore and after implementation of the Al-supported
intervention. The primary objective was to reduce
hospital length of stay and improve treatment
safety. The findings suggested that integrating AI-
assisted decision support into emergency depart-
ment workflows may enhance the standardization
and safety of diabetic ketoacidosis management.

Chronic Kidney Disease and

Electrolyte Abnormalities
Artificial intelligence combined with ECG analysis
has also shown promising applications in detect-
ing electrolyte abnormalities frequently encoun-
tered in emergency settings. Electrolyte disturb-
ances such as hyperkalemia and hypokalemia may
lead to severe complications and often require
rapid identification and intervention. Al-assisted
ECG interpretation may provide a noninvas-
ive and real-time approach for early detection
and continuous monitoring of these conditions,
potentially improving clinical decision-making
and patient outcomes. Tang et al. reported a
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multicenter observational study of 34,439 pa-
tients contributing 62,290 ECG-potassium pairs,
published in 2026, in which they developed and
validated Pocket-K, an Al-enabled single-lead ECG
predictive system based on the ECGFounder foun-
dation model for detecting hyperkalemia with-
out invasive testing. Using lead I ECG data, the
model was trained and validated across inter-
nal, temporal, and external datasets. The results
demonstrated strong predictive performance. Per-
formance further improved for moderate-to-
severe hyperkalemia, while the external negative
predictive value exceeded 99.3%. Additionally, a
handheld prototype enabled near-real-time de-
ployment, supporting the feasibility of Al-assisted
portable screening for hyperkalemia. Lou et al.
reported a study with a development cohort of
168,450 ECGs from 103,091 patients and add-
itional internal and external validation cohorts,
published in 2023, in which they developed and
validated a dynamic Al algorithm using electro-
cardiograms to predict dyskalemias in individuals
with multiple clinical visits. The proposed model
incorporated previously annotated personal ECG
data to improve prediction accuracy during longi-
tudinal follow-up. The results demonstrated that
the dynamic model outperformed traditional dir-
ect prediction methods for detecting both hypok-
alemia and hyperkalemia, achieving improved
diagnostic performance across validation cohorts,
suggesting that dynamic Al-enabled ECG analysis
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may enhance continuous monitoring and clinical
decision-making in routine practice.

Li et al. conducted a study published in 2024 using
longitudinal electronic medical record data from
3,665,480 patients and over 34 million clinical en-
counters, in which they developed and validated
TrajVis, an interactive Al-based clinical decision-
support system for personalized management of
chronic kidney disease progression. The system
integrated the DEPOT graph AI model with visual
analytics to display disease trajectories, longitu-
dinal clinical indicators, and individualized risk
patterns. The results showed that TrajVis enabled
clinicians to summarize complex clinical data,
identify patient-specific risk predictors, and visu-
alize disease progression trajectories, thereby im-
proving the interpretability and clinical usability
of AI models for precision management of chronic
kidney disease.

Liver Diseases
Artificial intelligence has also shown potential in
chronic liver diseases, particularly for early pre-
diction of cirrhosis decompensation and clinical
deterioration. Miiller et al. conducted a study with
a sample size of 983 patients with cirrhosis from
the INCA trial database, in which they applied
multiple machine learning techniques to iden-
tify predictors of cirrhosis decompensation using
laboratory, clinical, and genetic data. The study
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evaluated different machine learning models for
retrospective and prospective prediction of dec-
ompensation. The results showed that Random
Forest achieved the best retrospective predictive
performance, while Support Vector Machines per-
formed best in prospective prediction. Key pre-
dictive factors included albumin, bilirubin, so-
dium levels, inflammatory markers, and the NOD2
genotype. These findings suggest that integrating
clinical, laboratory, and genetic variables with ma-
chine learning may improve early identification of
high-risk patients for cirrhosis decompensation.
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