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1. AI IN DIAGNOSIS AND 
ORPHAN DRUG DISCOVERY 
FOR RARE RENAL DISEASES 

Background 
Rare renal diseases represent a diverse group of 
kidney disorders that affect a relatively small 
proportion of the global population but create sig-
nificant medical challenges for patients, clinicians, 
and researchers. Many of these diseases are caused 
by genetic mutations, abnormal immune re-
sponses, metabolic disturbances, or complex inter-
actions between environmental and biological 
factors. Examples include Alport syndrome, auto-
somal dominant and autosomal recessive poly-
cystic kidney diseases, atypical hemolytic uremic 
syndrome, Fabry disease, cystinosis, nephropathic 
disorders caused by mitochondrial abnormalities, 
and various forms of inherited glomerular dis-
ease. Although individually uncommon, collect-
ively rare renal diseases affect millions of people 
worldwide. 
Diagnosis of rare renal diseases has historically 
been difficult because symptoms often overlap 
with more common kidney conditions. Patients 
may experience proteinuria, hematuria, hyperten-
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sion, reduced kidney function, electrolyte abnor-
malities, or progressive kidney failure, but these 
signs are not always specific. Many individuals 
undergo years of repeated testing before receiv-
ing an accurate diagnosis. This delay can prevent 
timely treatment, increase the risk of irreversible 
kidney damage, and create emotional and finan-
cial burdens for patients and families. 
Traditional diagnostic approaches rely on clin-
ical evaluation, laboratory analysis, imaging stud-
ies, kidney biopsy, and genetic testing. While 
these methods have improved greatly, they still 
face limitations. Kidney biopsies can provide im-
portant information about tissue structure and 
disease mechanisms, but they are invasive and 
may not fully capture disease progression. Genetic 
testing can identify disease causing variants, yet 
interpreting the clinical significance of newly dis-
covered variants remains challenging. The com-
plexity of renal biology means that identifying 
a mutation does not always immediately explain 
how the disease develops or which therapy will be 
most effective. 
At the same time, the development of treat-
ments for rare renal diseases has been hindered 
by limited patient populations, incomplete under-
standing of disease mechanisms, and the high cost 
of drug development. Pharmaceutical companies 
have historically invested less in rare disease re-
search because patient numbers are small and 
clinical trials are difficult to conduct. However, ad-
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vances in artificial intelligence, machine learning, 
genomics, and computational biology are chan-
ging this landscape. AI technologies are providing 
new approaches for identifying disease patterns, 
improving diagnosis, discovering therapeutic tar-
gets, and accelerating orphan drug development. 
Artificial intelligence refers to computational sys-
tems capable of performing tasks that normally 
require human intelligence, including pattern rec-
ognition, decision making, prediction, and learn-
ing from complex datasets. In medicine, AI 
can analyze large amounts of clinical, genomic, 
imaging, and molecular information to uncover 
relationships that may not be obvious through 
traditional methods. For rare renal diseases, where 
limited data and complex mechanisms create 
major barriers, AI offers opportunities to trans-
form both diagnosis and treatment discovery. 

Artificial Intelligence In Rare 
Renal Disease Diagnosis 

The diagnosis of rare renal diseases requires the 
integration of multiple types of information. A pa-
tient’s symptoms, laboratory values, imaging find-
ings, pathology results, family history, and gen-
etic data must often be considered together. AI 
systems are particularly valuable because they can 
process large and diverse datasets simultaneously. 
Machine learning algorithms can identify patterns 
in medical records and connect clinical features 
with possible diagnoses. 
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One important application of AI is phenotype 
recognition. Many rare kidney diseases have dis-
tinctive combinations of symptoms that may be 
difficult for individual clinicians to recognize, es-
pecially when they encounter these conditions 
infrequently. AI models trained on large collec-
tions of patient data can identify combinations 
of features associated with specific diseases. For 
example, an algorithm may recognize that a 
young patient with progressive kidney dysfunc-
tion, hearing abnormalities, and specific genetic 
findings is more likely to have Alport syndrome ra-
ther than another inherited kidney disorder. 
Electronic health records provide another import-
ant source of information for AI systems. These 
records contain years of clinical observations, 
laboratory measurements, medication histories, 
and diagnostic outcomes. By analyzing these data, 
AI can identify patients who may have undiag-
nosed rare renal diseases. Early identification can 
allow patients to receive specialized evaluation be-
fore significant kidney damage occurs. 
Medical imaging is another area where AI has 
demonstrated significant potential. Kidney ultra-
sound, magnetic resonance imaging, and other 
imaging techniques generate complex visual in-
formation that can be difficult to interpret consist-
ently. Deep learning models, a specialized form of 
AI, can analyze images to detect structural abnor-
malities associated with renal diseases. In poly-
cystic kidney disease, for example, AI systems can 
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assist in measuring kidney volume, tracking cyst 
development, and predicting disease progression. 
AI also has applications in digital pathology. 
Kidney biopsy interpretation requires specialized 
expertise, and differences between observers can 
sometimes affect diagnosis. AI based image ana-
lysis tools can examine microscopic kidney tissue 
samples and identify patterns of cellular injury, 
fibrosis, inflammation, and other disease charac-
teristics. These systems may improve diagnostic 
consistency and help researchers understand how 
different renal diseases develop at the tissue level. 
Genomic medicine is one of the most promis-
ing areas for AI in rare renal disease diagnosis. 
The human genome contains millions of genetic 
variations, and determining which changes cause 
disease is a major challenge. AI algorithms can 
compare genetic sequences with clinical informa-
tion to predict whether specific variants are likely 
to be harmful. These approaches can support gen-
eticists and nephrologists in interpreting complex 
sequencing results. 
For patients with inherited kidney diseases, faster 
genetic diagnosis can have significant benefits. It 
can provide an explanation for unexplained symp-
toms, guide treatment decisions, identify risks for 
family members, and support reproductive plan-
ning. AI does not replace genetic specialists, but it 
can improve the speed and accuracy of interpret-
ation by prioritizing the most clinically relevant 
findings. 
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Another emerging area is the use of multimodal 
AI systems. These systems combine different types 
of medical information, such as genomic data, 
imaging, laboratory results, and clinical notes. 
Because rare diseases often involve complex re-
lationships between multiple biological systems, 
combining these data sources may produce more 
accurate predictions than analyzing each source 
separately. A multimodal AI model could poten-
tially identify disease patterns that remain invis-
ible when information is considered independ-
ently. 
Despite these advantages, AI based diagnosis also 
faces challenges. Rare diseases often have limited 
datasets because few patients are available for 
research. Small datasets increase the risk that AI 
models may not generalize well to different popu-
lations. Data quality is another concern because 
medical records may contain missing informa-
tion, inconsistent terminology, or errors. Develop-
ing reliable AI systems requires carefully designed 
datasets, validation across multiple healthcare 
centers, and continuous monitoring of perform-
ance. 
Privacy and ethical issues must also be con-
sidered. Genetic information is highly sensitive, 
and protecting patient confidentiality is essential. 
AI systems must be developed with strong se-
curity measures and responsible data governance. 
Transparency is another important issue because 
clinicians and patients need to understand how 
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AI systems reach their conclusions. Explainable 
AI approaches aim to make algorithmic decisions 
easier to interpret and trust. 

Artificial Intelligence In Orphan 
Drug Discovery 

Orphan drugs are therapies developed specifically 
for rare diseases. The discovery and development 
of orphan drugs present unique challenges be-
cause traditional drug development models are 
often designed for common diseases with large pa-
tient populations. Rare renal diseases frequently 
involve complex genetic pathways, uncommon 
molecular targets, and limited opportunities for 
large clinical trials. AI is increasingly being used to 
overcome these barriers. 
One of the most important contributions of AI 
to orphan drug discovery is target identification. 
Before developing a drug, researchers must iden-
tify a biological molecule or pathway that can 
be modified to improve disease outcomes. In rare 
kidney diseases, disease mechanisms may involve 
disrupted proteins, abnormal signaling pathways, 
immune system dysfunction, or metabolic abnor-
malities. AI can analyze genomic and molecular 
datasets to identify targets that are strongly asso-
ciated with disease progression. 
Machine learning models can examine rela-
tionships between genes, proteins, cellular pro-
cesses, and clinical outcomes. These models may 
reveal therapeutic opportunities that traditional 
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research methods would overlook. For example, if 
a genetic mutation causes abnormal protein func-
tion in kidney cells, AI can help predict which mo-
lecular pathways are affected and which interven-
tions may restore normal function. 
Drug repurposing is another important applica-
tion of AI. Developing a completely new drug can 
require many years of research and significant 
financial investment. Drug repurposing involves 
identifying existing medicines that may be effect-
ive for new conditions. AI systems can analyze 
known drug properties, biological pathways, and 
disease mechanisms to discover possible connec-
tions between existing medications and rare renal 
diseases. 
For patients with rare kidney disorders, drug 
repurposing offers several advantages. Existing 
drugs already have information about safety, dos-
ing, and biological effects, which can reduce devel-
opment time. AI can screen thousands of approved 
compounds and identify candidates for further 
testing. This approach is particularly valuable for 
diseases where limited patient numbers make 
traditional drug discovery economically difficult. 
AI also improves virtual screening and molecular 
design. Traditional drug discovery often requires 
testing large numbers of chemical compounds 
in laboratory experiments. AI models can pre-
dict how molecules interact with disease related 
proteins and identify promising compounds be-
fore laboratory testing begins. This reduces the 
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number of experiments required and allows re-
searchers to focus resources on the most promis-
ing candidates. 
Generative AI technologies are creating new pos-
sibilities in molecular design. These systems can 
generate novel chemical structures with desired 
properties, such as improved binding ability, sta-
bility, and reduced toxicity. For rare renal diseases, 
where existing treatment options may be limited, 
generative AI could help researchers design ther-
apies specifically targeted to disease mechanisms. 
Another important area is biomarker discovery. 
Biomarkers are measurable biological indicators 
that can help diagnose disease, predict progres-
sion, or monitor treatment response. Rare renal 
diseases often lack reliable biomarkers, making 
clinical trials more difficult. AI can analyze bio-
logical datasets to identify potential biomarkers 
that reflect disease activity. These biomarkers can 
help researchers select appropriate patients for 
trials and determine whether a therapy is produ-
cing meaningful effects. 
Clinical trial design is one of the greatest chal-
lenges in orphan drug development. Because rare 
disease populations are small, recruiting enough 
participants can be difficult. AI can assist by 
identifying eligible patients, predicting disease 
progression, and optimizing trial protocols. By 
analyzing real world data, AI may help researchers 
design more efficient studies that require fewer 
participants while still producing meaningful re-
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sults. 
AI can also support personalized medicine ap-
proaches. Rare renal diseases often vary signifi-
cantly between patients, even when they share the 
same diagnosis. Differences in genetics, environ-
ment, and disease progression can influence treat-
ment response. AI models can analyze individual 
patient characteristics to predict which therapies 
are most likely to be effective. This approach may 
allow clinicians to move from generalized treat-
ment strategies toward more personalized care. 

Case Examples And Emerging 
Applications 

Several areas of rare renal disease research demon-
strate how AI technologies may transform medical 
practice. In inherited kidney diseases, AI assisted 
genomic interpretation is helping researchers 
identify disease causing variants more efficiently. 
This is especially important for conditions with 
many possible genetic causes, such as inherited 
nephropathies and congenital kidney abnormal-
ities. 
In polycystic kidney disease, AI based imaging 
analysis can improve monitoring of kidney 
growth and disease progression. Kidney size and 
cyst development are important indicators of dis-
ease severity, but manual measurement can be 
time consuming. Automated AI systems may pro-
vide faster and more consistent assessments, help-
ing clinicians determine when treatment inter-
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ventions should begin. 
In immune mediated kidney diseases, AI can ana-
lyze patterns in laboratory results, biopsy findings, 
and immune markers. These approaches may help 
distinguish between different disease subtypes 
and predict which patients are likely to respond to 
specific therapies. This is important because im-
mune related renal diseases often require complex 
treatment decisions involving immunosuppres-
sive medications. 
AI is also being combined with single cell se-
quencing technologies to study kidney biology at 
unprecedented detail. Single cell analysis allows 
researchers to examine individual cells within 
kidney tissue and understand how different cell 
populations contribute to disease. AI algorithms 
can analyze these large datasets and identify cellu-
lar pathways that may represent new therapeutic 
targets. 
The integration of AI with organoid technology 
is another promising development. Kidney or-
ganoids are laboratory grown tissue models that 
mimic aspects of human kidney function. AI can 
analyze experimental results from organoids and 
help predict which treatments may be effective be-
fore testing them in human trials. This combin-
ation may reduce reliance on traditional trial and 
error approaches. 

Challenges And Ethical 
Considerations 
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Although AI offers significant promise, it is not 
a solution without limitations. The success of AI 
depends heavily on the quality and availability 
of data. Rare renal diseases often suffer from 
fragmented information because patients are dis-
tributed across different hospitals and countries. 
Creating international data networks while main-
taining privacy protections will be essential. 
Algorithmic bias is another concern. If AI systems 
are trained using data from limited populations, 
their predictions may be less accurate for indi-
viduals from different backgrounds. Researchers 
must ensure that AI models are developed using 
diverse datasets that represent the global patient 
population. 
Clinical responsibility is also an important issue. 
AI should support healthcare professionals ra-
ther than replace medical judgment. Diagnosis 
and treatment decisions require understanding 
patient preferences, clinical context, and ethical 
considerations that cannot always be captured by 
algorithms. 
Regulatory frameworks for AI based medical tools 
are still developing. Authorities must determine 
how these systems should be evaluated, approved, 
and monitored. Because AI models can change as 
they learn from new data, maintaining safety and 
reliability over time requires continuous assess-
ment. 
The cost of implementing AI technologies may 
also create inequalities. Advanced AI tools re-
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quire computing infrastructure, technical expert-
ise, and healthcare investment. Ensuring that pa-
tients with rare renal diseases worldwide benefit 
from these advances will require collaboration 
among governments, healthcare organizations, re-
searchers, and technology companies. 

Future Perspectives 
The future of AI in diagnosis and orphan drug 
discovery for rare renal diseases is likely to involve 
increasingly integrated systems that connect clin-
ical care, biomedical research, and pharmaceutical 
development. As datasets become larger and com-
putational methods improve, AI may enable earl-
ier diagnosis, more accurate disease classification, 
and faster discovery of effective therapies. 
A major future direction is the development of 
AI enabled precision nephrology. In this model, 
each patient’s genetic information, molecular pro-
file, clinical history, and treatment response data 
would contribute to an individualized care strat-
egy. Rather than treating rare renal diseases based 
only on disease categories, clinicians could select 
therapies based on the specific biological mechan-
isms affecting each patient. 
Collaboration will be essential for realizing this 
vision. Rare disease research requires cooper-
ation between patients, clinicians, scientists, tech-
nology developers, and policymakers. Patient 
registries, international research networks, and 
secure data sharing platforms will provide the 
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foundation for more powerful AI systems. 
Artificial intelligence will not eliminate all chal-
lenges associated with rare renal diseases, but it 
provides new tools for addressing problems that 
have limited progress for decades. By improv-
ing diagnosis, accelerating orphan drug discovery, 
and supporting personalized treatment, AI has 
the potential to change the experience of patients 
with rare kidney disorders. The combination of 
human expertise and advanced computational 
methods may create a new era of renal medicine in 
which rare diseases are recognized earlier, under-
stood more deeply, and treated more effectively.
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2. AI IN DIAGNOSIS AND ORPHAN 
DRUG DISCOVERY FOR RARE 
NEUROLOGICAL DISEASES 

Background
Rare neurological diseases (RNDs) pose unique 
and significant challenges to healthcare systems 
worldwide. More than 7,000 rare diseases have 
been identified, approximately 80% of which have 
a genetic origin, and nearly half involve the ner-
vous system. Because each disease affects only a 
small number of patients, individuals with rare 
neurological disorders often experience a pro-
longed "diagnostic odyssey," with the average time 
from the onset of symptoms to an accurate diag-
nosis ranging from 5 to 7 years. Delayed diagnosis 
frequently results in disease progression, inappro-
priate treatments, increased healthcare costs, and 
considerable psychological and social burdens for 
patients and their families. Artificial intelligence 
(AI), with its remarkable ability to analyze large 
volumes of complex data and identify hidden pat-
terns that may not be apparent to clinicians, is 
transforming the landscape of rare neurological 
diseases in two major areas: early diagnosis and 
orphan drug discovery.

Artificial intelligence (AI) has become a trans-
formative technology across numerous scien-
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tific disciplines, providing innovative approaches 
for investigating brain structure, brain func-
tion, neural connectivity, and human cognition. 
By integrating diverse sources of information, 
including neuroimaging data, electrophysiological 
signals, molecular and neural biomarkers, be-
havioral measurements, and clinical information, 
multimodal computational approaches enable re-
searchers to capture the complexity of brain ac-
tivity in a more comprehensive and biologically 
meaningful manner. This integration of mul-
tiple data modalities is reshaping how scientists 
conceptualize neural processes, cognitive func-
tion, and neurological disorders while creating 
new opportunities for fundamental neuroscience 
research, clinical evaluation, disease diagnosis, 
prognostic prediction, therapeutic development, 
and personalized patient care. Applications of 
intelligent systems in neuroscience and health-
care can be broadly organized along three comple-
mentary dimensions: the specific neurological or 
cognitive disorder being investigated, the type of 
multimodal data analyzed, and the intended com-
putational, diagnostic, prognostic, or therapeutic 
objective.

Practical applications clearly demonstrate the ex-
panding role of artificial intelligence in both 
cognitive neuroscience and clinical medicine. Mul-
timodal AI frameworks have substantially im-
proved the early detection of neurodegenerative 
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disorders, including Alzheimer's disease, by inte-
grating structural and functional neuroimaging 
with molecular biomarkers, genetic information, 
and clinical characteristics. Predictive machine 
learning models support seizure detection, pre-
diction, monitoring, and long-term management 
in patients with epilepsy, while integrated ana-
lyses of brain imaging, behavioral assessments, 
neurodevelopmental profiles, and clinical rec-
ords facilitate the early identification of autism 
spectrum disorders. Within the field of mental 
health, AI-based tools assist clinicians in psycho-
logical assessment, diagnostic evaluation, disease 
monitoring, and the development of personalized 
therapeutic interventions. In acute neurological 
care, these technologies contribute to more rapid, 
accurate, and reliable diagnosis of stroke, enab-
ling earlier clinical intervention and improved 
patient outcomes. Artificial intelligence also sup-
ports the identification and monitoring of both 
motor and non-motor manifestations of move-
ment disorders, including Parkinson's disease, 
through the integration of imaging data, wear-
able sensor information, gait analysis, and clinical 
observations. Furthermore, AI provides valuable 
decision support for rare neurological disorders by 
reducing diagnostic uncertainty, shortening diag-
nostic delays, facilitating differential diagnosis, 
and improving access to precision medicine ap-
proaches for patients with complex neurological 
conditions.
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One of the most promising and forward-looking 
applications of artificial intelligence in neuro-
science is the study of human behavior in the 
context of addiction and dependency. Through 
the integration of multimodal neuroimaging data, 
behavioral assessments, physiological measure-
ments, genetic information, and environmental 
factors, AI can identify hidden patterns associ-
ated with substance use disorders and behavioral 
addictions. These computational models enable 
prediction of relapse risk, identification of neural 
circuits involved in reward processing, motiv-
ation, impulse control, emotional regulation, and 
decision-making, while simultaneously support-
ing the optimization of individualized preven-
tion and treatment strategies. As computational 
methods continue to evolve and become increas-
ingly sophisticated, they provide an advanced 
framework for understanding the biological, 
psychological, and environmental mechanisms 
through which addictive behaviors emerge, de-
velop, and persist. In the future, AI-driven neuro-
science is expected to guide highly personalized 
therapeutic interventions, strengthen preventive 
strategies, improve long-term treatment out-
comes, and deepen our mechanistic understand-
ing of addiction and related neuropsychiatric dis-
orders.

From a neuroscientific perspective, artificial intel-
ligence serves two closely interconnected and 
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complementary functions. First, it provides prac-
tical solutions for important clinical challenges, 
including disease diagnosis, prognostic predic-
tion, treatment planning, patient monitoring, 
and evidence-based clinical decision-making. Sec-
ond, AI functions as a powerful scientific re-
search tool for exploring the neural foundations 
of consciousness, cognition, perception, memory, 
learning, and subjective experience. For decades, 
neuroscientists have sought to understand how 
conscious awareness emerges from neural activity 
and which biological mechanisms are responsible 
for generating conscious experience. Numerous 
theoretical frameworks have been proposed, ran-
ging from hypotheses emphasizing subcellular 
neuronal dynamics and molecular processes to 
large-scale systems neuroscience models that con-
ceptualize consciousness as an emergent property 
of distributed functional brain networks. Some 
theoretical perspectives even question whether 
conscious awareness can be completely explained 
through neural processes alone, suggesting that 
additional computational or organizational prin-
ciples may contribute to conscious experience.

Examining consciousness through computa-
tional, neuroscientific, and neurobiological per-
spectives provides a promising pathway for empir-
ical investigation and hypothesis testing. Recent 
advances in artificial intelligence, together with 
continuous improvements in brain imaging tech-
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nologies, neural signal processing, computational 
neuroscience, and multimodal data integration, 
now permit increasingly detailed modeling of 
the highly complex information-processing func-
tions that characterize the human brain. Although 
current artificial intelligence systems, including 
advanced multimodal architectures and large-
scale neural networks, are not considered con-
scious entities, investigating their computational 
organization, information processing strategies, 
and representational structures may provide valu-
able insights into the computational principles 
and functional characteristics that are essen-
tial for conscious processing in biological ner-
vous systems. A comprehensive understanding of 
neural activity, brain network organization, cog-
nitive function, and dynamic brain system behav-
ior not only contributes to improved diagnosis, 
treatment, and health-related outcomes but also 
establishes a scientific foundation for the future 
development of perception-driven, biologically in-
spired, and cognitively informed artificial intelli-
gence systems.

Despite these remarkable advances, several im-
portant challenges continue to limit the in-
terpretation and application of artificial intel-
ligence in neuroscience. Neurophysiological and 
neuroimaging data obtained from electroenceph-
alography (EEG), functional magnetic resonance 
imaging (fMRI), positron emission tomography 
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(PET), magnetoencephalography (MEG), and other 
recording techniques are inherently affected by 
measurement noise, artifacts, limited temporal 
or spatial resolution, physiological variability, 
and substantial interindividual differences. Fur-
thermore, many artificial intelligence approaches, 
particularly deep learning models, require large, 
diverse, carefully annotated, and high-quality da-
tasets for reliable training and validation. Such 
datasets are frequently unavailable because of 
clinical, ethical, logistical, financial, and regula-
tory constraints, especially in studies involving 
rare neurological disorders or highly specialized 
patient populations. Limited model interpretabil-
ity and the "black box" nature of many deep 
learning algorithms further complicate efforts to 
associate computationally detected patterns with 
the underlying biological and neurophysiological 
mechanisms responsible for brain function. These 
challenges become even more pronounced in mul-
timodal analyses, where successful integration 
requires precise temporal synchronization, spa-
tial correspondence, standardized preprocessing, 
conceptual consistency across data modalities, 
and rigorous methodological validation. Conse-
quently, although artificial intelligence provides 
exceptionally powerful tools for identifying com-
plex patterns within neural data, translating 
these computational discoveries into biologically 
meaningful, clinically relevant, and scientifically 
interpretable knowledge continues to depend on 
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domain expertise, rigorous methodological de-
sign, careful experimental validation, transparent 
model development, and close interdisciplinary 
collaboration among neuroscientists, clinicians, 
computer scientists, engineers, statisticians, and 
artificial intelligence researchers.

AI has become an increasingly powerful tool for 
addressing long-standing challenges in the diag-
nosis and treatment of rare neurological diseases 
(RNDs). These disorders are characterized by ex-
treme clinical heterogeneity, overlapping pheno-
types, complex disease mechanisms, and limited 
availability of expert clinicians, all of which con-
tribute to substantial delays in diagnosis. In recent 
years, AI-driven methods have demonstrated the 
ability to extract clinically meaningful patterns 
from multimodal datasets, including genomic 
profiles, neuroimaging data, and electronic health 
records, thereby supporting earlier, more accurate, 
and more efficient identification of RNDs.

One of the most impactful applications of AI has 
emerged in genomic variant interpretation. Since 
many rare neurological disorders are monogenic, 
the identification of pathogenic genetic variants 
can be decisive for establishing an accurate diag-
nosis. A notable example is the model developed 
by Zhou et al., which integrates phenotype ontolo-
gies with deep learning approaches to prioritize 
disease-causing variants. Their system substan-
tially improved diagnostic yield among patients 
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with rare neurogenetic syndromes by reducing the 
number of genetic variants requiring manual re-
view and facilitating more efficient interpretation 
of complex genomic data. This approach demon-
strates how AI can overcome important limita-
tions and bottlenecks associated with traditional 
genomic analysis pipelines, particularly in cases 
where large numbers of candidate variants com-
plicate clinical interpretation.

Artificial intelligence has also shown considerable 
promise in neuroimaging-based diagnosis of rare 
neurological diseases. In a study by Zeng et al., 
deep learning models were trained using struc-
tural magnetic resonance imaging (MRI) scans to 
identify subtle brain alterations associated with 
hereditary ataxias and other rare neurodegenera-
tive disorders. Their convolutional neural network 
demonstrated high accuracy in distinguishing 
affected individuals from healthy controls, includ-
ing cases in which radiological abnormalities were 
difficult to detect through conventional visual as-
sessment. These findings highlight the potential 
of AI-enhanced imaging technologies as valuable 
decision support systems for neurologists man-
aging diagnostically challenging cases. By identi-
fying complex imaging patterns that may not be 
apparent to human observers, AI can support earl-
ier recognition, improved disease classification, 
and more effective clinical decision-making.

Beyond diagnosis, AI plays a crucial role in 
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accelerating therapeutic discovery and develop-
ment for rare neurological diseases. Drug repur-
posing, in particular, has benefited significantly 
from machine learning-based integration of mo-
lecular networks, biological information, and 
pharmacological datasets. Gao et al. developed an 
AI-driven framework that analyzes gene-protein 
interaction networks to predict existing drugs that 
may be repurposed for amyotrophic lateral scler-
osis (ALS) and related rare neurodegenerative dis-
orders. This approach successfully identified sev-
eral candidate medications that had already been 
approved for other clinical indications, potentially 
reducing the time, cost, and complexity associated 
with traditional drug development processes and 
shortening the translational pathway toward clin-
ical evaluation.

AI-enabled de novo drug design has similarly 
transformed early-stage therapeutic discovery. In 
research conducted by Sanchez Lengeling et al., 
generative deep learning models were applied 
to design novel small molecules with pharma-
cologically relevant characteristics for rare neuro-
muscular diseases. Their computational system 
generated chemically diverse and potentially syn-
thesizable compounds significantly faster than 
conventional medicinal chemistry workflows. 
This demonstrates the ability of AI to accelerate 
the identification of promising therapeutic candi-
dates and reduce the time and financial invest-
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ment required for developing treatments for dis-
eases that often receive limited attention because 
of small patient populations and restricted com-
mercial incentives.

Finally, AI-based phenotypic modeling has im-
proved the recognition and characterization of 
rare clinical syndromes through the analysis of 
electronic health records, clinical manifestations, 
and longitudinal symptom trajectories. Chen et 
al. developed a multimodal machine learning sys-
tem capable of identifying diagnostic signatures 
associated with ultra-rare neurological disorders 
earlier than standard clinical assessment. These 
findings suggest that AI-supported approaches 
may provide valuable opportunities for early de-
tection, improved clinical awareness, and reduced 
diagnostic delays among patients with rare neuro-
logical conditions.

Collectively, these applied examples demonstrate 
that artificial intelligence holds significant poten-
tial for reshaping the clinical and therapeutic land-
scape of rare neurological diseases. By improving 
genomic interpretation, enhancing neuroimaging 
analysis, accelerating drug discovery, and sup-
porting earlier clinical recognition, AI provides 
innovative solutions to several longstanding chal-
lenges in rare disease management. However, 
important challenges remain, including limited 
availability of high-quality datasets, concerns re-
garding model transparency and interpretabil-
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ity, ethical considerations, and regulatory re-
quirements. Despite these limitations, the current 
trajectory indicates that artificial intelligence will 
increasingly serve as a foundational component of 
precision neurology, personalized medicine, and 
orphan drug development, ultimately contribut-
ing to improved diagnosis, treatment, and out-
comes for patients with rare neurological diseases.

Artificial Intelligence in the Diag-
nosis of Rare Neurological Diseases

The diagnosis of rare neurological diseases is fre-
quently delayed because of substantial phenotypic 
variability, extensive genetic heterogeneity, and 
considerable overlap of clinical manifestations 
with more common neurological disorders. These 
factors make conventional diagnostic approaches 
time consuming and often inconclusive. Artificial 
intelligence has emerged as a powerful tool for 
improving diagnostic accuracy by integrating and 
analyzing multidimensional clinical, imaging, ge-
nomic, and laboratory data, thereby enabling earl-
ier identification of rare neurological conditions 
and facilitating more personalized patient man-
agement.

Genomic Big Data Analysis
Advances in deep learning have significantly im-
proved the analysis of whole genome sequen-
cing (WGS) data with exceptionally high accuracy. 
Modern AI algorithms are capable of identifying 
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disease-causing genetic variants, including sin-
gle nucleotide variants, insertions, deletions, copy 
number variations, and structural alterations that 
may be responsible for rare neurological disorders. 
Tools such as DeepVariant, developed by Goo-
gle Health, employ convolutional neural networks 
to detect point mutations and structural DNA 
changes with high precision. These computational 
approaches have demonstrated considerable value 
in identifying pathogenic variants associated with 
rare neurological diseases, including amyotrophic 
lateral sclerosis (ALS), inherited ataxias, and nu-
merous other genetically complex neurodegenera-
tive disorders. By accelerating genomic interpret-
ation, AI reduces the time required for diagnosis 
and increases the likelihood of identifying clinic-
ally relevant genetic abnormalities.

Image Processing and Digital 
Biomarkers

Artificial intelligence has also transformed the 
analysis of medical imaging and digital biomark-
ers in rare neurological diseases. In disorders 
such as Huntington's disease, muscular dystro-
phies, inherited ataxias, and other neurodegen-
erative conditions, computer vision models can 
detect subtle abnormalities in brain magnetic 
resonance imaging (MRI), muscle imaging, and 
patient movement patterns that may be diffi-
cult or impossible for neurologists to recognize 
through conventional visual assessment alone. AI-
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based image analysis can identify early structural 
and functional changes, quantify disease progres-
sion, and provide objective digital biomarkers 
for diagnosis, prognosis, and therapeutic moni-
toring. Furthermore, wearable devices and digital 
health technologies generate continuous streams 
of movement and physiological data that can be 
analyzed using AI algorithms to monitor disease 
progression and evaluate treatment responses in 
real-world clinical settings.

Artificial Intelligence in Orphan 
Drug Discovery

The development of therapies for rare neuro-
logical diseases presents substantial scientific, lo-
gistical, and economic challenges. Pharmaceutical 
companies often encounter significant barriers 
because research and development costs are ex-
tremely high, patient populations are very small, 
and recruiting sufficient participants for clinical 
trials is difficult. Consequently, many rare neuro-
logical diseases lack effective therapeutic options. 
Artificial intelligence is fundamentally changing 
this landscape by accelerating drug discovery, im-
proving target identification, reducing develop-
ment costs, and increasing the efficiency of drug 
development pipelines.

Drug Repurposing
One of the most efficient strategies for accelerat-
ing treatment development is drug repurposing, 
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which involves identifying new therapeutic ap-
plications for already approved medications. Arti-
ficial intelligence models analyze protein-protein 
interaction networks, molecular pathways, gene 
expression profiles, and large biomedical data-
bases to uncover hidden biological relationships 
between common diseases and rare neurological 
disorders. These computational methods enable 
researchers to identify existing drugs with the po-
tential to treat rare diseases while substantially 
reducing development time, financial costs, and 
regulatory challenges. For example, graph-based 
machine learning algorithms have been applied to 
identify anti-inflammatory drugs that may have 
therapeutic potential for certain rare forms of epi-
lepsy by targeting shared molecular pathways in-
volved in disease pathogenesis.

Protein Structure Prediction 
and Virtual Screening

Artificial intelligence has also revolutionized pro-
tein structure prediction and virtual drug screen-
ing. DeepMind's AlphaFold has successfully pre-
dicted the three-dimensional structures of nearly 
all known human proteins, representing one of 
the most important scientific breakthroughs in 
structural biology. This achievement enables re-
searchers to model disease-associated proteins 
with unprecedented accuracy and perform large-
scale in silico screening of millions of candidate 
drug molecules against mutated proteins impli-
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cated in rare neurological diseases. By relying on 
computational simulations rather than expensive 
laboratory experiments, AI substantially acceler-
ates target validation, compound optimization, 
and early-stage drug discovery while reducing re-
search costs and improving the efficiency of thera-
peutic development.

Challenges and Ethical 
Considerations

Despite its enormous potential, the application of 
artificial intelligence in rare neurological diseases 
faces several important scientific, technical, eth-
ical, and clinical challenges that must be addressed 
before widespread implementation.

One of the primary challenges is the small data 
problem. Unlike large language models that are 
trained using trillions of words or general AI 
systems that rely on massive datasets, rare neuro-
logical diseases involve only limited numbers of 
patients, resulting in small and highly heteroge-
neous datasets. This scarcity of high-quality data 
can reduce model performance and limit gener-
alizability. To address this limitation, researchers 
are increasingly developing advanced approaches 
such as few-shot learning, transfer learning, feder-
ated learning, synthetic data generation, and data 
augmentation techniques to improve AI perform-
ance despite limited training data.

Another major challenge is explainability. In clin-
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ical medicine, understanding why an AI system 
reaches a particular diagnostic or therapeutic rec-
ommendation is just as important as the rec-
ommendation itself. Many deep learning models 
function as "black box" systems, making it difficult 
for clinicians to interpret their decision-mak-
ing processes. Consequently, increasing emphasis 
has been placed on the development of explain-
able artificial intelligence (XAI), which provides 
transparent, interpretable, and clinically under-
standable predictions that can strengthen phys-
ician confidence, facilitate regulatory approval, 
improve patient safety, and promote responsible 
integration into routine clinical practice.

Additional ethical considerations include data 
privacy, cybersecurity, informed consent, algo-
rithmic bias, fairness, transparency, accountabil-
ity, and equitable access to AI technologies. Ad-
dressing these issues through appropriate regula-
tory frameworks, rigorous validation studies, and 
multidisciplinary collaboration will be essential to 
ensure the safe, ethical, and effective implementa-
tion of artificial intelligence in the diagnosis and 
treatment of rare neurological diseases.

Conclusion and Future Outlook
Artificial intelligence is not only accelerating 
the diagnosis of rare neurological diseases but 
is also creating unprecedented opportunities for 
precision medicine by improving diagnostic ac-
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curacy, shortening diagnostic delays, reducing re-
search and development costs, and facilitating 
the discovery of novel therapeutic strategies. The 
integration of electronic health records, genomic 
sequencing, neuroimaging, wearable device data, 
digital biomarkers, and other multimodal clin-
ical information into AI-based platforms is trans-
forming personalized medicine from a theoretical 
concept into an increasingly achievable clinical 
reality for patients with rare neurological diseases. 
As computational methods continue to evolve 
and larger collaborative datasets become available, 
artificial intelligence is expected to play an in-
creasingly central role in early diagnosis, disease 
monitoring, orphan drug discovery, individual-
ized treatment selection, and long-term patient 
management, ultimately improving clinical out-
comes and quality of life for individuals affected 
by rare neurological disorders.
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Background 
Defining rare diseases is challenging because they 
are generally described as medical conditions that 
affect only a small percentage of the global popu-
lation. Owing to their low prevalence, limited 
scientific knowledge, complex clinical manifest-
ations, and substantial variability in epidemiology 
across different populations, there is currently no 
universally accepted international definition of 
rare diseases. In addition, the prevalence of many 
rare diseases differs among countries because of 
variations in genetic backgrounds, environmen-
tal factors, and population characteristics. Conse-
quently, a single global definition has not yet been 
established. 
The burden associated with rare diseases is fur-
ther compounded by the diverse nature of these 
orphan conditions, delayed diagnosis, limited 
awareness, the lack of effective therapeutic op-
tions, and the substantial medical expenditures 
required for long-term care. Collectively, these fac-
tors impose considerable economic and health-
care burdens on patients, families, and healthcare 
systems. Rare diseases frequently lead to severe 

3. AI IN DIAGNOSIS AND ORPHAN 
DRUG DISCOVERY FOR RARE 

INFECTIOUS DISEASES 

43



health consequences, including chronic disability, 
reduced quality of life, increased morbidity, and 
shortened life expectancy. In response to these 
challenges, continuous efforts are being directed 
toward improving diagnostic approaches and ex-
panding therapeutic options. At the same time, re-
markable advances in genomic medicine and pre-
cision healthcare have created new opportunities 
for improving the diagnosis, management, and 
treatment of rare diseases. 
The integration of artificial intelligence (AI) into 
modern medicine represents a transformative ad-
vancement for the early detection, diagnosis, 
treatment, and management of rare diseases. By 
analyzing complex biomedical datasets and iden-
tifying patterns that may not be readily apparent 
to clinicians, AI enables healthcare professionals 
to improve diagnostic accuracy, optimize treat-
ment selection, accelerate drug discovery, and 
support personalized medical care. This chap-
ter further explores the applications, advantages, 
challenges, and future perspectives of artificial 
intelligence in the diagnosis and treatment of rare 
infectious diseases. 

AI Models in Clinical Diagnosis 
and Screening 

Artificial intelligence models have emerged as 
powerful diagnostic tools that improve the early 
detection and clinical diagnosis of infectious 
diseases. These applications encompass multiple 
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diagnostic modalities, including radiographic im-
aging, computed tomography (CT), pulmonary 
sound analysis, laboratory medicine, and micro-
biological investigations. AI algorithms can en-
hance the diagnostic accuracy of laboratory tests, 
including those that may otherwise produce false-
negative results, thereby improving clinical deci-
sion-making. The diagnostic utility of these AI-
based methods has been demonstrated in infec-
tious diseases such as coronavirus disease 2019 
(COVID-19), tuberculosis, influenza, human im-
munodeficiency virus (HIV) infection, and other 
emerging infectious diseases. The application of 
machine learning algorithms together with deep 
learning techniques, including artificial neural 
networks, has created new opportunities for iden-
tifying rare infectious diseases with greater speed 
and precision. Furthermore, within the field of 
clinical microbiology, AI models enhance image 
analysis by automating pathogen identification, 
improving colony morphology classification, and 
assisting laboratory professionals in interpreting 
complex microbiological findings. These capabil-
ities contribute to shorter turnaround times, im-
proved diagnostic efficiency, and enhanced overall 
quality of the diagnostic process. 

AI in Genomic Diagnostics 
and Microbiology 

The development of genomics-informed health-
care systems has established a transformative ap-
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proach for the comprehensive diagnosis and man-
agement of rare infectious diseases. These systems 
employ advanced next-generation sequencing 
(NGS) technologies to facilitate the early detection, 
accurate diagnosis, genomic characterization, and 
continuous surveillance of infectious pathogens. 
Their value has been particularly evident dur-
ing major infectious disease outbreaks, including 
the Ebola virus disease and Zika virus epidemics, 
where genomic surveillance played a critical role 
in monitoring pathogen evolution and transmis-
sion. 
Artificial intelligence tools, particularly machine 
learning algorithms, are increasingly being ap-
plied to improve the interpretation of micro-
biological images and laboratory findings. Trad-
itional microbiological diagnosis relies heavily on 
the assessment of colony growth patterns on agar 
plates, Gram-stained specimens, and other micro-
scopic examinations, processes that generally re-
quire highly trained microbiologists for accur-
ate interpretation. Artificial intelligence enhances 
these analyses by automating image interpret-
ation, improving consistency, facilitating rapid 
pathogen detection, and enabling more timely 
diagnoses. Computer vision, a specialized branch 
of artificial intelligence, has become a particularly 
powerful technology for analyzing large collec-
tions of digital microbiological images, thereby 
improving both the speed and accuracy of diag-
nostic testing within clinical microbiology labora-
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tories. 
Machine learning methods also analyze microbial 
profile data, including the abundance and compos-
ition of bacterial communities within biological 
samples, as well as complex interactions between 
the host and its microbiome. These computa-
tional approaches can predict potential disease 
outbreaks, facilitate earlier diagnosis of infectious 
diseases, and improve understanding of host-
pathogen interactions. By identifying meaningful 
microbial signatures and biological patterns, ma-
chine learning models enable clinicians to strat-
ify patients into different risk categories, thereby 
supporting personalized therapeutic strategies, 
targeted interventions, and improved clinical out-
comes. 

AI in Orphan Drug Discovery 
for Rare Infectious Diseases 

Machine learning has become an important tool 
for improving and accelerating orphan drug dis-
covery for rare infectious diseases. By analyzing 
extensive biological, genomic, pharmacological, 
and chemical datasets with greater accuracy and 
efficiency, machine learning models facilitate the 
identification, prioritization, and validation of 
novel drug targets while substantially reducing 
the time required for target discovery and con-
firmation. 
The discovery of new antibiotics is undergoing 
a fundamental transformation through the inte-
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gration of artificial intelligence into biomedical 
research. This technological advancement offers 
innovative and efficient solutions to one of the 
most significant global public health challenges, 
antimicrobial resistance (AMR). Antimicrobial re-
sistance continues to increase worldwide, limiting 
the effectiveness of existing antimicrobial agents 
and creating an urgent need for novel therapeutic 
strategies. 
Machine learning models have emerged as prom-
ising tools for overcoming many of the challenges 
associated with antimicrobial resistance. The 
traditional process of discovering and developing 
new antibiotics is lengthy, labor-intensive, and 
extremely expensive. Furthermore, the rapid evo-
lution and proliferation of drug-resistant micro-
organisms continuously reduce the effectiveness 
of newly developed antimicrobial agents, making 
antibiotic discovery an increasingly complex and 
time-consuming process. Artificial intelligence 
enhances the effectiveness of drug discovery by 
providing computational strategies that acceler-
ate and optimize multiple stages of research and 
development. 
These AI-driven strategies include the discov-
ery of novel classes of antibiotics with previ-
ously unrecognized mechanisms of action, the 
identification of naturally occurring compounds 
and antimicrobial peptides that are components 
of the innate immune system, the prediction of 
the therapeutic effectiveness of candidate drugs 
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against specific microorganisms, and the identi-
fication of antimicrobial resistance mechanisms 
that are essential for designing more effective anti-
microbial agents. Collectively, these capabilities 
substantially improve the efficiency of antibiotic 
discovery and support the development of innova-
tive treatments for rare infectious diseases. 

Challenges and Future Perspectives 
Despite the considerable promise of artificial intel-
ligence, several important challenges continue to 
limit its widespread application in rare infectious 
diseases. Successful implementation requires 
multidisciplinary collaboration among clinicians, 
microbiologists, bioinformaticians, data scien-
tists, computer scientists, and public health ex-
perts. In addition, the development of reliable 
AI systems depends on the availability of large, 
diverse, standardized, and high-quality datasets, 
which are often difficult to obtain for rare infec-
tious diseases because of their low prevalence and 
fragmented clinical data. 
To accelerate scientific progress and maximize the 
impact of AI-driven antibiotic discovery and in-
fectious disease research, greater emphasis should 
be placed on open science initiatives, trans-
parent data sharing, reproducible computational 
methods, and collaborative international research 
networks. Although artificial intelligence offers 
substantial advances in antimicrobial resistance 
management, infectious disease diagnosis, and 
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antibiotic discovery, overcoming challenges re-
lated to data accessibility, interoperability, model 
validation, ethical considerations, regulatory ap-
proval, and multidisciplinary collaboration will be 
essential for its successful integration into routine 
clinical practice. 

Conclusion 
This chapter reviews how the implementation of 
artificial intelligence can improve the accuracy, 
efficiency, and precision of the diagnosis and treat-
ment of rare infectious diseases. AI models enable 
healthcare professionals to analyze and manage 
massive biomedical datasets, identify complex mi-
crobial and clinical patterns, predict future disease 
occurrence, and support evidence-based clinical 
decision-making. 
The integration of artificial intelligence with 
clinical, microbiological, genomic, and epidemio-
logical data can assist healthcare providers in 
reducing infection risks, improving diagnostic ac-
curacy, and optimizing patient management. Fur-
thermore, AI can support the development of 
personalized therapeutic strategies by integrating 
microbiological characteristics, microbial profile 
data, antimicrobial susceptibility patterns, and 
host biological information. As artificial intelli-
gence technologies continue to evolve, they are 
expected to play an increasingly important role in 
improving the diagnosis, treatment, surveillance, 
prevention, and overall management of rare infec-
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tious diseases while advancing precision medicine 
and enhancing global public health. 
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4. AI IN DIAGNOSIS AND 
ORPHAN DRUG DISCOVERY FOR 

RARE CARDIAC DISEASES 

Background
The discovery of orphan drugs and the diagno-
sis of rare cardiovascular diseases remain major 
challenges in the future of cardiovascular medi-
cine. Limited epidemiological evidence, insuffi-
cient clinical data, low commercial incentives, 
and traditional drug discovery methods that are 
costly, labor-intensive, and time consuming often 
delay the development of effective and innovative 
therapies for these conditions. Artificial intelli-
gence (AI) is increasingly being incorporated into 
modern medicine and pharmaceutical research 
to accelerate scientific innovation and improve 
healthcare delivery. AI-based algorithms can ana-
lyze and integrate large volumes of biomedical, 
clinical, imaging, and genetic data to identify 
novel therapeutic targets, predict promising drug 
candidates, evaluate potential drug interactions, 
and optimize drug development pipelines. In add-
ition, machine learning models can assist phar-
macologists and drug developers in improving the 
efficiency, speed, and accuracy of orphan drug 
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discovery, compound screening, and therapeutic 
optimization. The application of artificial intelli-
gence to orphan drug discovery has the potential 
to substantially improve clinical outcomes and ex-
pand treatment opportunities for patients with 
rare cardiovascular disorders.

Another important application of artificial intel-
ligence is the diagnosis of rare cardiovascular 
diseases. The low prevalence and incidence of 
these disorders, together with nonspecific clinical 
manifestations, phenotypic heterogeneity, and 
substantial clinical overlap with more common 
cardiovascular conditions, frequently result in de-
layed or missed diagnoses. Deep learning algo-
rithms can analyze highly complex medical data, 
including echocardiography, electrocardiography 
(ECG), cardiac magnetic resonance imaging (CMR), 
computed tomography (CT), advanced cardiovas-
cular imaging modalities, genetic information, 
laboratory findings, and electronic health records 
to identify subtle diagnostic features associated 
with uncommon genetic, structural, metabolic, 
infiltrative, and electrical cardiac disorders. These 
include cardiomyopathies, inherited arrhythmia 
syndromes, complex congenital heart diseases, 
cardiac channelopathies, and rare infiltrative or 
storage diseases affecting the heart. Furthermore, 
artificial intelligence can reduce diagnostic errors, 
improve diagnostic confidence, enhance clinical 
decision-making, facilitate risk stratification, and 

DR. MEISAM SARGAZI

54

support more personalized patient care. This chap-
ter discusses the latest applications of artificial 
intelligence in the diagnosis of rare cardiovascu-
lar diseases and highlights its emerging role in or-
phan drug discovery and precision cardiology.

AI in the Diagnosis of Rare 
Cardiac Diseases

Cardiac amyloidosis (CA) is an infiltrative car-
diomyopathy characterized by the deposition of 
abnormal amyloid proteins within the myocar-
dial tissue, resulting in progressive impairment 
of cardiac structure and function, restrictive car-
diomyopathy, heart failure, arrhythmias, and in-
creased mortality. Although cardiac amyloidosis 
is considered a rare disease, many cases remain 
undiagnosed because of nonspecific clinical mani-
festations, overlap with more common causes of 
heart failure and left ventricular hypertrophy, and 
limited recognition during the early stages of dis-
ease. Consequently, delayed diagnosis frequently 
results in advanced disease progression, reduced 
treatment effectiveness, and poor clinical out-
comes.

The application of artificial intelligence in cardiac 
amyloidosis has demonstrated substantial poten-
tial for improving diagnostic accuracy, enabling 
earlier disease detection, facilitating timely thera-
peutic intervention, improving prognostic assess-
ment, enhancing risk stratification, optimizing 
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patient management, and ultimately improving 
overall survival. AI-based algorithms are capable 
of identifying hidden diagnostic patterns across 
multiple sources of clinical information, including 
electrocardiography, echocardiography, cardiac 
magnetic resonance imaging, genetic data, labora-
tory investigations, and routine clinical character-
istics.

Pan et al. demonstrated that a machine learning-
based diagnostic model, particularly one based 
on the Extreme Gradient Boosting (XGBoost) al-
gorithm, accurately detected cardiac amyloidosis 
using routine blood test results obtained from 
patients with left ventricular hypertrophy. The 
model achieved outstanding diagnostic perform-
ance, with an area under the receiver operating 
characteristic curve (AUC) of 0.95, outperform-
ing conventional biomarkers such as serum free 
light chains while simultaneously identifying key 
laboratory variables associated with multisystem 
dysfunction. These findings illustrate the ability of 
machine learning algorithms to extract clinically 
meaningful information from routinely collected 
laboratory data and support earlier diagnosis.

Artificial intelligence also enables earlier diagno-
sis through electrocardiographic analysis. Grogan 
et al. demonstrated that a deep learning model 
analyzing standard 12-lead ECG recordings from 
2,541 patients with cardiac amyloidosis accur-
ately identified the disease with an AUC of 
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0.91. Importantly, the model successfully detected 
many patients approximately six months before 
the establishment of a clinical diagnosis, high-
lighting the considerable potential of AI for early 
disease recognition, earlier therapeutic interven-
tion, and improved long-term clinical outcomes.

Beyond diagnosis, artificial intelligence contrib-
utes significantly to prognostic assessment. The 
combination of deep learning algorithms with 
electrocardiographic analysis has demonstrated 
the ability to predict mortality across differ-
ent subtypes of cardiac amyloidosis, including 
light-chain amyloidosis (AL), wild-type transthy-
retin amyloidosis (ATTRwt), and hereditary tran-
sthyretin amyloidosis (ATTRv). Amadio et al. 
reported that an AI-based electrocardiographic 
model, known as A2E, developed using data from 
2,533 patients with cardiac amyloidosis, provided 
substantial prognostic value. Higher AI-generated 
risk scores were independently associated with in-
creased mortality and enabled effective risk strati-
fication across the major clinical subtypes of car-
diac amyloidosis.

Cardiac magnetic resonance imaging has become 
one of the most valuable imaging modalities for 
evaluating myocardial structure, tissue compos-
ition, and functional abnormalities in patients 
with suspected cardiac amyloidosis. The integra-
tion of artificial intelligence algorithms with car-
diac magnetic resonance data enables the iden-
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tification of subtle imaging features that may 
not be readily recognized by expert radiologists 
or cardiologists. Agibetov et al. demonstrated 
that convolutional neural network-based analysis 
of cardiac magnetic resonance images accurately 
detected cardiac amyloidosis, achieving diagnostic 
performance with an AUC of up to 0.96 in a cohort 
of 502 patients, including 82 individuals with con-
firmed cardiac amyloidosis. These findings em-
phasize the ability of AI-assisted imaging analysis 
to reduce misdiagnosis, improve diagnostic confi-
dence, and facilitate the early recognition of this 
complex infiltrative cardiomyopathy.

Another important application of artificial intel-
ligence is the integration of deep learning with 
echocardiographic imaging to improve the non-
invasive diagnosis of cardiac amyloidosis. Ioannou 
et al. demonstrated that an AI-driven echocar-
diographic approach, particularly a deep learn-
ing model trained to analyze echocardiographic 
video recordings, accurately diagnosed cardiac 
amyloidosis and effectively differentiated it from 
other causes of ventricular hypertrophy. This ap-
proach achieved excellent diagnostic accuracy in 
a large multinational cohort of 5,776 patients 
and outperformed conventional AI-assisted scor-
ing systems, further supporting the incorporation 
of artificial intelligence into routine cardiovascu-
lar imaging.

Brugada syndrome is a rare inherited cardiac 
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channelopathy characterized by abnormal cardiac 
electrical activity and a markedly increased risk of 
malignant ventricular arrhythmias. Patients may 
develop ventricular fibrillation, which can lead 
to sudden cardiac death, often affecting young 
individuals without evidence of structural heart 
disease. Because the first clinical manifestation 
may be sudden cardiac arrest, early diagnosis is 
essential. Accurate risk stratification and timely 
interventions, including implantation of an im-
plantable cardioverter-defibrillator (ICD), can sub-
stantially reduce mortality and improve long-
term survival.

A systematic review and meta-analysis conducted 
by Vutthikraivit et al., including 28 studies and 
369,068 individuals, demonstrated that Brugada 
syndrome is an uncommon condition with a glo-
bal prevalence of approximately 0.5 per 1,000 in-
dividuals. However, marked geographic and ethnic 
differences were observed, with the prevalence 
increasing to approximately 3.7 per 1,000 indi-
viduals in Southeast Asia. Furthermore, the syn-
drome was approximately nine times more com-
mon among Asian populations than among Cau-
casian populations and approximately 36 times 
more frequent than among Hispanic populations.

One of the principal challenges in diagnosing Bru-
gada syndrome using electrocardiography is the 
transient nature of its characteristic ECG abnor-
malities. Diagnostic ECG patterns may be inter-
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mittent and therefore easily overlooked during 
routine clinical evaluation, resulting in missed or 
delayed diagnosis. In many patients, these char-
acteristic findings become evident only under 
specific physiological conditions or following 
pharmacological provocation testing with sodium 
channel blockers. Moreover, numerous medica-
tions, metabolic disturbances, fever, and other 
underlying clinical conditions can unmask Bru-
gada ECG patterns, further complicating accurate 
diagnosis. The integration of deep learning and ar-
tificial intelligence substantially improves the de-
tection of Brugada syndrome by identifying subtle 
and transient electrocardiographic patterns that 
may escape conventional visual interpretation. In 
addition, AI can analyze complex genetic infor-
mation, facilitating more accurate classification of 
pathogenic gene variants while supporting indi-
vidualized risk stratification and precision clinical 
management.

Sahebnasagh et al. demonstrated that artificial 
intelligence, particularly deep learning models 
trained using multiple ECG datasets ranging 
from relatively small cohorts of approximately 
150 patients to larger datasets containing more 
than 4,500 ECG recordings, accurately diagnosed 
Brugada syndrome by detecting transient electro-
cardiographic features frequently overlooked by 
experienced cardiologists. Across multiple stud-
ies involving more than 1,400 ECG recordings 
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for model training and several hundred ECGs for 
external validation, AI consistently demonstrated 
superior diagnostic performance compared with 
cardiologists while simultaneously reducing the 
need for invasive pharmacological drug chal-
lenge testing. Furthermore, artificial intelligence 
successfully analyzed complex genetic datasets, 
including whole-exome sequencing data and ex-
perimental cellular models, thereby improving the 
classification of disease-associated genetic vari-
ants and enabling more accurate risk stratification 
for patients with Brugada syndrome.

Liu et al. further demonstrated that a deep 
learning-enabled electrocardiographic model de-
veloped using 552 ECG recordings, consisting of 
276 patients with type 1 Brugada syndrome and 
276 healthy controls, accurately identified Bru-
gada syndrome with an AUC of 0.96. The model 
achieved diagnostic accuracy comparable to, and 
in some cases exceeding, that of experienced car-
diologists. Importantly, its performance remained 
consistently high when evaluated using independ-
ent external validation datasets, highlighting its 
considerable potential as a reliable noninvasive 
screening tool for the early identification of indi-
viduals at risk of sudden cardiac death.

Artificial intelligence has also demonstrated the 
ability to diagnose Brugada syndrome even in the 
absence of classical electrocardiographic findings, 
thereby opening new opportunities for earlier dis-
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ease detection through the analysis of subtle atrial 
electrophysiological characteristics. Zanchi et al. 
demonstrated that an AI-based model utilizing P-
wave characteristics extracted from 33,420 ECG-
derived signals, including 2,228 averaged P-wave 
recordings obtained from 123 patients consisting 
of 79 Brugada syndrome cases and 44 control sub-
jects, identified Brugada syndrome with diagnos-
tic accuracy exceeding 81%. These findings indi-
cate that atrial electrical abnormalities may serve 
as valuable biomarkers for disease detection even 
before the appearance of classical ventricular ECG 
manifestations.

Artificial intelligence is increasingly being used 
not only for diagnosis but also for prognos-
tic assessment, risk stratification, and prediction 
of life-threatening ventricular arrhythmias in pa-
tients with Brugada syndrome. Nakamura et al. 
demonstrated that an artificial intelligence-based 
convolutional neural network developed using 
2,053 ECG recordings obtained from 157 patients 
with suspected Brugada syndrome successfully 
predicted the occurrence of ventricular fibrillation 
with an area under the receiver operating charac-
teristic curve of approximately 0.80. These find-
ings suggest that AI algorithms can identify clinic-
ally relevant electrocardiographic features that re-
main undetectable through conventional clinical 
interpretation.

Artificial intelligence can also recognize subtle 
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electrophysiological signatures present within 
baseline electrocardiograms before pharma-
cological provocation testing, enabling earlier 
identification of patients who are likely to de-
velop diagnostic type I Brugada ECG patterns. 
This capability has the potential to reduce 
dependence on invasive pharmacological chal-
lenge tests, including ajmaline testing, minimize 
the risks associated with these procedures, and 
support safer, noninvasive screening strategies. 
Furthermore, early AI-assisted identification may 
improve clinical decision-making, facilitate closer 
patient surveillance, optimize preventive inter-
ventions, and ultimately reduce the incidence of 
malignant ventricular arrhythmias and sudden 
cardiac death. Călburean et al. demonstrated that 
a deep learning-based ECG model known as BrS-
Net, developed using data from 1,188 patients 
undergoing ajmaline provocation testing, includ-
ing 361 individuals with induced type I Brugada 
patterns, accurately identified Brugada syndrome 
with an AUC of approximately 0.94 while also 
successfully predicting the development of drug-
induced type I Brugada ECG patterns using base-
line electrocardiographic recordings alone. These 
findings further emphasize the expanding role of 
artificial intelligence in improving the diagnosis, 
risk assessment, and clinical management of pa-
tients with rare inherited cardiac arrhythmia syn-
dromes.
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Artificial Intelligence In Orphan 
Drug Discovery For Rare 

Cardiac Diseases
The development of orphan drugs for rare cardiac 
diseases requires innovative approaches because 
traditional pharmaceutical development models 
are often inefficient for small patient populations. 
AI is increasingly being applied throughout the 
drug discovery process, from identifying thera-
peutic targets to designing molecules and optimiz-
ing clinical trials.

One of the most important contributions of AI 
is the identification of disease mechanisms and 
drug targets. A successful therapy requires a clear 
understanding of the biological processes that 
cause disease. In rare cardiac disorders, these 
mechanisms may involve complex genetic path-
ways, abnormal protein interactions, mitochon-
drial dysfunction, or altered cellular signaling.

AI can analyze large biological datasets, includ-
ing genomic information, transcriptomic profiles, 
proteomic measurements, and clinical outcomes. 
By identifying connections between molecular 
changes and disease characteristics, AI can reveal 
potential targets for therapeutic intervention.

For inherited cardiomyopathies, AI can help re-
searchers understand how specific genetic muta-
tions affect heart muscle cells. A mutation may 
alter protein structure, disrupt energy produc-
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tion, or interfere with cellular communication. AI 
models can predict these effects and identify path-
ways that could potentially be modified through 
treatment.

Drug repurposing is another important area where 
AI is accelerating orphan drug discovery. Many ex-
isting medications have known safety profiles but 
may have additional therapeutic applications. AI 
algorithms can compare drug characteristics with 
disease mechanisms to identify compounds that 
could be effective for rare cardiac diseases.

This approach is particularly valuable because de-
veloping a completely new drug can take many 
years. Repurposed drugs may enter clinical evalu-
ation more quickly because previous research has 
already established important information about 
their pharmacology and safety.

For example, AI systems can analyze databases 
containing information about approved drugs, 
molecular targets, and biological pathways. By 
matching these data with the mechanisms in-
volved in rare cardiac diseases, algorithms can 
identify promising candidates for further testing.

AI is also improving molecular drug design. Trad-
itional drug discovery often involves screening 
thousands or millions of compounds to find mol-
ecules with desirable properties. AI can predict 
how potential drugs interact with disease related 
proteins, reducing the number of compounds that 
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need to be experimentally tested.

Generative AI models can create new molecular 
structures designed to interact with specific bio-
logical targets. These systems can optimize drug 
properties such as effectiveness, stability, and 
safety. For rare cardiac diseases caused by specific 
molecular abnormalities, AI designed therapies 
may provide highly targeted treatment options.
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5. AI IN DIAGNOSIS AND ORPHAN 
DRUG DISCOVERY FOR RARE 
DERMATOLOGICAL DISEASES 

Background
Artificial intelligence (AI) is revolutionizing sev-
eral fields in healthcare, particularly in derma-
tology. Its role is becoming increasingly pivotal 
in both the diagnosis and treatment of dermato-
logical diseases, where AI's ability to analyze vast 
datasets and identify complex patterns can sig-
nificantly enhance clinical decision-making. Fur-
thermore, the potential of AI is being increasingly 
recognized in the development of orphan drugs for 
rare dermatological diseases. These diseases, often 
neglected due to their rarity and complexity, pose 
significant challenges for medical practitioners 
and pharmaceutical companies. AI has the poten-
tial to bridge these gaps by accelerating drug dis-
covery processes, improving diagnostic accuracy, 
and ultimately enhancing patient outcomes.

In dermatology, AI is particularly beneficial for 
diagnosing skin diseases, a task that traditionally 
requires significant expertise and time. AI models, 
including machine learning (ML) and deep learn-
ing (DL), have been applied to dermatology with 
great success, enabling faster and more accurate 
diagnoses of conditions such as melanoma, psor-
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iasis, and eczema. AI-driven diagnostic systems 
analyze images, detect abnormalities, and provide 
clinical decision support, assisting healthcare pro-
fessionals in identifying diseases that may be chal-
lenging to diagnose through visual examination 
alone. For instance, AI algorithms trained on large 
datasets of dermatological images have shown 
promise in accurately classifying various types of 
skin lesions and providing diagnostic recommen-
dations with higher accuracy than general practi-
tioners (GPs) and even some specialists.

These advances are particularly crucial in primary 
care settings, where access to specialized derma-
tological expertise may be limited. Furthermore, 
the integration of AI into orphan drug discov-
ery presents a unique opportunity to address 
the unmet needs of patients suffering from rare 
dermatological diseases. Orphan diseases, charac-
terized by their low prevalence and often complex 
treatment regimens, present major challenges in 
drug development due to the limited number of 
patients available for clinical trials. However, AI-
driven approaches are transforming how these 
drugs are discovered. By analyzing large biological, 
chemical, and genetic datasets, AI models can pre-
dict potential drug candidates for rare diseases, 
thereby accelerating the drug development pro-
cess. For example, AI is being utilized to repurpose 
existing drugs for the treatment of rare condi-
tions, reducing the time and cost associated with 
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traditional drug development.

Additionally, AI can help identify genetic markers 
and potential biomarkers for rare dermatological 
diseases, making it easier to tailor treatments to 
individual patients. By integrating genomic and 
clinical data, AI-based approaches can support 
personalized medicine strategies and improve the 
selection of appropriate therapies according to the 
specific characteristics of each patient.

A major advantage of AI in orphan drug de-
velopment is its ability to overcome the limita-
tions associated with small patient populations. 
Traditional drug discovery for rare diseases often 
struggles with recruiting sufficient numbers of 
patients for clinical trials, which can significantly 
hinder progress. AI can assist by predicting drug 
effectiveness in smaller patient subgroups, allow-
ing for the development of more targeted therap-
ies. Moreover, AI's ability to simulate drug inter-
actions at the molecular level can accelerate the 
identification of compounds that are likely to be 
effective without the need for extensive animal or 
human testing.

In conclusion, AI is playing an increasingly im-
portant role in both the diagnosis of derma-
tological diseases and the discovery of orphan 
drugs. Its ability to enhance diagnostic accuracy 
and streamline drug discovery processes is par-
ticularly beneficial in the context of rare dermato-
logical diseases, where traditional methods often 
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face important limitations. As the field of AI in 
healthcare continues to evolve, its integration into 
dermatology promises to improve patient care, re-
duce the time and cost associated with drug de-
velopment, and ultimately lead to more effective 
treatments for rare and complex dermatological 
conditions.

Rare dermatological diseases represent a broad 
and complex category of disorders that affect the 
skin, hair, nails, mucous membranes, and related 
biological systems. Although each individual con-
dition may affect only a small number of people, 
collectively rare dermatological diseases represent 
a significant global health challenge. These dis-
orders include inherited skin diseases, rare auto-
immune conditions, genodermatoses, unusual in-
flammatory disorders, rare skin cancers, con-
nective tissue disorders, and metabolic diseases 
that manifest through dermatological symptoms. 
Many of these conditions cause lifelong medical 
complications, physical discomfort, psychological 
distress, and reduced quality of life.

The skin is the largest organ of the human body 
and serves multiple essential functions, includ-
ing protection against external threats, regulation 
of body temperature, immune defense, and main-
tenance of fluid balance. Because of its complex 
structure and biological activity, abnormalities 
affecting skin cells, immune pathways, connective 
tissues, or genetic mechanisms can produce a wide 

ROLE OF ARTIFICIAL INTELLIGENCE IN RARE DISEASE D...

71



variety of rare disorders. Some rare dermatological 
diseases primarily affect the skin, while others 
represent visible manifestations of systemic dis-
eases involving internal organs.

Examples of rare dermatological diseases include 
epidermolysis bullosa, ichthyoses, cutaneous 
manifestations of genetic syndromes, rare auto-
immune blistering diseases, hidradenitis suppura-
tiva in severe forms, dermatomyositis with skin 
involvement, rare pigment disorders, and specific 
forms of inherited connective tissue disorders. 
Many of these conditions have genetic origins in-
volving mutations that affect structural proteins, 
enzymes, signaling pathways, or immune regula-
tion. Understanding these mechanisms is essen-
tial for developing effective therapies.

Diagnosis of rare dermatological diseases is often 
difficult and delayed. Many conditions share simi-
lar clinical appearances, and early symptoms may 
resemble common skin disorders. A patient with 
a rare blistering disorder may initially be diag-
nosed with eczema, allergy, or infection. Individ-
uals with inherited keratinization disorders may 
experience years of uncertainty before receiving a 
precise diagnosis. This diagnostic delay can pre-
vent appropriate treatment, increase disease se-
verity, and create emotional burdens for patients 
and families.

Traditional diagnosis of dermatological diseases 
depends heavily on clinical examination. Derma-
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tologists evaluate skin appearance, lesion dis-
tribution, disease progression, and patient his-
tory. Additional diagnostic methods may include 
dermoscopy, skin biopsy, immunological test-
ing, microbiological analysis, and genetic testing. 
While these approaches are valuable, rare diseases 
present unique difficulties because they often re-
quire specialized knowledge and experience that 
may not be available in every healthcare setting.

Genetic testing has transformed the diagnosis of 
many rare dermatological diseases. Advances in 
sequencing technologies have enabled researchers 
to identify genetic mutations responsible for nu-
merous inherited skin disorders. However, inter-
preting genetic information remains challenging. 
A patient may have multiple genetic variants, and 
determining which variant causes disease requires 
integration of laboratory evidence, clinical fea-
tures, and biological understanding.

Treatment development for rare dermatological 
diseases also presents major challenges. Because 
patient populations are small, conducting trad-
itional large scale clinical trials can be difficult. 
Pharmaceutical companies may face economic 
barriers because the potential market for a treat-
ment is limited. Furthermore, many rare skin dis-
eases involve complex biological mechanisms that 
are not fully understood, making it difficult to 
identify suitable therapeutic targets.

Artificial intelligence has emerged as a powerful 
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technology capable of transforming the diagno-
sis and treatment development process for rare 
dermatological diseases. AI systems can analyze 
large volumes of clinical images, genetic informa-
tion, molecular data, and patient records to iden-
tify patterns that may be difficult for humans to 
detect. In dermatology, where visual information 
plays a central role, AI has shown particular prom-
ise.

Machine learning algorithms can learn from large 
datasets and improve their ability to recognize dis-
ease patterns over time. Deep learning approaches, 
especially convolutional neural networks, can ana-
lyze medical images and identify features asso-
ciated with specific skin conditions. When com-
bined with genomic and clinical information, AI 
can provide a more comprehensive understanding 
of rare dermatological diseases.

AI is also accelerating orphan drug discovery by 
helping researchers identify disease mechanisms, 
discover therapeutic targets, predict drug effect-
iveness, and optimize clinical trials. These capabil-
ities are particularly important for rare derma-
tological diseases, where limited patient numbers 
and incomplete biological knowledge have histor-
ically slowed progress.

The integration of AI into rare dermatological dis-
ease research represents a shift toward precision 
dermatology. Instead of relying only on visible 
symptoms and generalized treatment approaches, 
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clinicians and researchers can use AI to under-
stand the unique biological characteristics of each 
patient. This approach may improve early diagno-
sis, enable personalized treatments, and accelerate 
the development of innovative therapies.

Artificial Intelligence In Rare 
Dermatological Disease Diagnosis

Diagnosis is one of the most important areas 
where AI is influencing rare dermatological dis-
ease management. Dermatology is particularly 
suitable for AI applications because many diag-
noses depend on visual recognition of skin 
changes. AI algorithms can analyze images of le-
sions, rashes, scars, pigmentation abnormalities, 
and structural changes to identify disease pat-
terns.

One of the earliest and most developed applica-
tions of AI in dermatology is image classification. 
Deep learning models can be trained using thou-
sands or millions of dermatological images labeled 
by experts. These systems learn to recognize visual 
characteristics associated with different diseases. 
Although much early research focused on com-
mon skin conditions such as melanoma and psor-
iasis, AI methods are increasingly being applied to 
rare dermatological disorders.

Rare skin diseases often have distinctive visual 
features that may be difficult for non-specialists to 
recognize. AI based image analysis systems can as-
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sist clinicians by comparing patient images with 
large databases of confirmed cases. This can be 
particularly valuable in regions where access to 
specialized dermatologists is limited.

For inherited skin disorders, AI can help identify 
characteristic patterns that suggest a specific diag-
nosis. Conditions such as epidermolysis bullosa, 
genetic ichthyoses, and rare pigment disorders 
may present with subtle differences in skin tex-
ture, lesion distribution, and disease progression. 
AI systems can analyze these features and provide 
diagnostic support.

AI based tools can also assist with dermoscopy 
analysis. Dermoscopy provides magnified images 
of skin structures that reveal patterns not visible 
to the naked eye. In rare dermatological condi-
tions, dermoscopic features may provide import-
ant diagnostic clues. AI algorithms can analyze 
these images and identify patterns associated 
with specific diseases.

Another important application is digital 
pathology. Skin biopsy remains an essential diag-
nostic method for many dermatological diseases. 
However, interpretation of histological samples 
requires significant expertise. AI systems can ana-
lyze microscopic images to identify cellular pat-
terns, inflammatory changes, abnormal tissue 
structures, and molecular characteristics.

For rare inflammatory skin diseases, AI based 
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pathology analysis may help distinguish between 
conditions with similar appearances. Diseases 
such as rare autoimmune blistering disorders can 
share overlapping clinical and microscopic find-
ings. AI can integrate pathology images with clin-
ical information to improve diagnostic accuracy.

AI is also transforming genetic diagnosis in rare 
dermatological diseases. Many inherited skin dis-
orders are caused by mutations affecting struc-
tural proteins, enzymes, or signaling pathways. 
Identifying disease causing genetic variants is 
often complex because the human genome con-
tains many rare changes.

Machine learning algorithms can evaluate genetic 
variants by analyzing factors such as evolutionary 
conservation, protein structure, functional pre-
dictions, and previous clinical observations. These 
models can help prioritize variants that are most 
likely to explain a patient’s condition.

Combining genetic data with clinical images 
represents an especially promising approach. A 
patient’s skin appearance may provide import-
ant clues, while genetic information reveals the 
underlying mechanism. Multimodal AI systems 
can analyze both types of information simultan-
eously to produce more accurate diagnostic pre-
dictions.

Electronic health records provide another valuable 
source of data for AI applications. Medical records 
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contain information about symptoms, previous 
diagnoses, treatments, laboratory results, and dis-
ease progression. AI can analyze these records to 
identify patients who may have undiagnosed rare 
dermatological conditions.

For example, an AI system may detect a pattern of 
repeated dermatology visits, unusual medication 
responses, chronic inflammation, and family his-
tory suggesting an inherited skin disorder. Early 
recognition could lead to referral for specialized 
evaluation and genetic testing.

AI can also support teledermatology, which has 
become increasingly important for improving ac-
cess to dermatological care. Patients in remote 
areas may submit photographs and clinical in-
formation for evaluation. AI systems can assist 
healthcare professionals by analyzing images be-
fore specialist review, helping prioritize urgent 
cases and identify possible rare diseases.

Personalized diagnosis is another emerging area. 
Rare dermatological diseases often vary signifi-
cantly between individuals. Even patients with the 
same genetic condition may experience different 
symptoms and disease progression. AI can analyze 
individual patient characteristics to predict dis-
ease patterns and guide personalized monitoring 
strategies.

Despite these advantages, AI based diagnosis has 
limitations. The rarity of many dermatological 
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diseases means that available datasets are often 
small. AI models require high quality training 
data, but collecting large numbers of confirmed 
cases for uncommon conditions is challenging.

Another challenge is image variability. Derma-
tological images can differ depending on light-
ing, camera quality, skin pigmentation, disease 
stage, and imaging technique. AI systems must be 
trained using diverse datasets to ensure reliable 
performance across different patient populations.

Skin pigmentation diversity is particularly im-
portant. Historically, many dermatological image 
datasets have contained limited representation of 
darker skin tones. AI systems trained on incom-
plete datasets may produce less accurate results 
for underrepresented populations. Future AI de-
velopment must prioritize inclusive datasets.

Privacy and ethical concerns must also be ad-
dressed. Dermatological images and genetic in-
formation contain sensitive personal data. Secure 
storage, responsible data sharing, and strong priv-
acy protections are essential for maintaining pa-
tient trust.

Artificial Intelligence In Orphan 
Drug Discovery For Rare 
Dermatological Diseases

The development of orphan drugs for rare derma-
tological diseases requires innovative strategies 
because traditional drug development approaches 
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are often inefficient for small patient populations. 
AI is increasingly being used to accelerate the 
discovery of new therapies by improving under-
standing of disease biology, identifying targets, 
and optimizing drug development processes.

A major contribution of AI is the identification 
of disease related molecular pathways. Many rare 
dermatological diseases result from specific gen-
etic mutations or abnormal biological processes. 
Understanding these mechanisms is essential for 
designing effective treatments.

AI can analyze large biological datasets, includ-
ing genomic, transcriptomic, proteomic, and me-
tabolomic information. These analyses can reveal 
relationships between genetic changes, cellular 
processes, and clinical symptoms. By identifying 
important disease pathways, AI can suggest poten-
tial therapeutic targets.

For example, inherited skin disorders often in-
volve defects in proteins responsible for maintain-
ing skin structure. AI can analyze how specific mu-
tations alter protein function and predict which 
molecular pathways could be modified to restore 
normal activity.

Drug repurposing is another area where AI offers 
significant advantages. Many approved medica-
tions have established safety profiles but may 
have previously unknown effects on rare dermato-
logical diseases. AI systems can analyze relation-
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ships between existing drugs, molecular targets, 
and disease mechanisms to identify possible new 
applications.

This approach can significantly reduce the time re-
quired to identify potential treatments. Instead of 
beginning drug discovery from the earliest stages, 
researchers can focus on compounds that already 
have known properties.

AI can also improve virtual screening of chemical 
compounds. Traditional drug discovery involves 
testing many molecules in laboratory experi-
ments. AI models can predict interactions between 
compounds and biological targets, allowing re-
searchers to prioritize the most promising candi-
dates.

Generative AI technologies provide additional op-
portunities by designing new molecules with de-
sired characteristics. These systems can generate 
potential drug candidates optimized for effective-
ness, stability, and safety. For rare dermatological 
diseases with limited treatment options, AI de-
signed therapies may provide new possibilities.

Clinical Applications And 
Emerging Research Directions

The application of AI in rare dermatological dis-
eases is moving beyond experimental research and 
increasingly entering clinical practice. As compu-
tational methods become more advanced, AI is 
being integrated into diagnostic workflows, treat-
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ment planning, patient monitoring, and thera-
peutic research. These applications have the po-
tential to improve outcomes for patients who have 
historically faced long diagnostic journeys and 
limited treatment options.

One important clinical application of AI is the 
early detection of rare dermatological diseases. 
Early diagnosis is particularly important for dis-
orders in which irreversible damage can occur be-
fore treatment begins. For example, genetic skin 
disorders that affect skin barrier function may 
lead to chronic wounds, infections, scarring, or 
systemic complications if not recognized early. AI 
systems that analyze clinical images and patient 
information may help identify these conditions 
before severe complications develop.

In rare autoimmune dermatological diseases, AI 
may improve disease classification and treatment 
selection. Conditions such as autoimmune blister-
ing diseases involve complex immune processes 
and can present with overlapping symptoms. Ac-
curate classification is essential because treat-
ments may involve immunosuppressive medica-
tions, biologic therapies, or targeted immune 
interventions. AI models that integrate clinical 
photographs, biopsy results, antibody profiles, and 
patient histories may help distinguish between 
disease subtypes.

Rare dermatological cancers represent another 
area where AI has significant potential. Although 
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many skin cancers are common, certain rare 
forms present unique diagnostic challenges. These 
include unusual cutaneous lymphomas, rare ad-
nexal tumors, and genetically driven skin malig-
nancies. AI systems can analyze pathology images 
and molecular data to identify patterns associated 
with these uncommon cancers.

AI can also contribute to predicting disease pro-
gression. Many rare dermatological diseases fol-
low variable clinical courses. Some patients ex-
perience mild symptoms, while others develop 
severe complications. Predictive AI models can 
analyze genetic information, biomarkers, imaging 
findings, and historical disease patterns to esti-
mate future outcomes.

For patients with inherited skin disorders, disease 
progression prediction may help determine the 
timing of interventions. For example, individuals 
at higher risk of severe complications could re-
ceive closer monitoring, preventive treatments, or 
early enrollment in clinical trials.

Another emerging application involves AI sup-
ported patient monitoring. Wearable technolo-
gies, smartphone applications, and digital health 
platforms can collect information about symp-
toms, skin changes, medication use, and qual-
ity of life. AI algorithms can analyze these data 
streams to detect changes that may indicate dis-
ease worsening or treatment response.
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Digital monitoring is particularly useful for 
chronic rare dermatological diseases because 
many symptoms fluctuate over time. Traditional 
clinical visits provide only occasional snapshots 
of disease activity. Continuous monitoring sup-
ported by AI may provide a more accurate under-
standing of how diseases evolve in daily life.

AI is also being used to improve clinical trial re-
cruitment for orphan drugs. Recruiting sufficient 
participants is one of the greatest challenges in 
rare disease research. Because patient populations 
are small and geographically dispersed, identi-
fying eligible participants can take considerable 
time.

AI can analyze electronic health records, genetic 
databases, and disease registries to identify indi-
viduals who may qualify for clinical trials. By im-
proving recruitment efficiency, AI may reduce de-
lays in orphan drug development and increase the 
likelihood of successful trials.

Another important application is the identifica-
tion of biomarkers for rare dermatological dis-
eases. Biomarkers are measurable biological indi-
cators that reflect disease presence, severity, or 
response to therapy. Reliable biomarkers are essen-
tial for developing targeted treatments and evalu-
ating whether new drugs are effective.

AI can analyze large molecular datasets to dis-
cover potential biomarkers. For example, machine 
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learning algorithms can identify patterns in gene 
expression, protein levels, immune markers, or 
metabolic profiles that correlate with disease ac-
tivity. These discoveries may lead to more precise 
diagnostic tests and improved clinical trial design.

Single cell technologies combined with AI are 
creating new opportunities for understanding 
skin biology. Traditional biological analysis often 
examines groups of cells together, but single cell 
sequencing allows researchers to study individ-
ual cells and their unique characteristics. AI algo-
rithms can process these enormous datasets and 
identify cellular populations involved in disease 
development.

In inflammatory skin disorders, AI analysis of sin-
gle cell data may reveal abnormal immune cell 
interactions. In genetic skin diseases, it may iden-
tify how specific mutations affect different cell 
types within the skin. These discoveries can guide 
the development of targeted therapies.

Organoid models and artificial skin technologies 
are also benefiting from AI. Researchers can cre-
ate laboratory models that reproduce aspects of 
human skin structure and disease. AI can analyze 
experimental results from these models and pre-
dict which therapeutic approaches may be most 
effective before human testing.

The combination of AI with gene editing technolo-
gies represents another promising direction. Some 

ROLE OF ARTIFICIAL INTELLIGENCE IN RARE DISEASE D...

85



rare dermatological diseases are caused by sin-
gle gene mutations, making them potential can-
didates for genetic therapies. AI can help identify 
suitable genetic targets, predict editing outcomes, 
and optimize therapeutic strategies.

For example, AI models may predict how correct-
ing a specific mutation could restore normal pro-
tein function in skin cells. This information can 
guide researchers developing gene replacement, 
gene editing, or RNA based therapies.

Challenges And Ethical 
Considerations

Although AI offers significant opportunities for 
improving diagnosis and orphan drug discovery 
in rare dermatological diseases, several challenges 
must be addressed before these technologies can 
be widely adopted. Technical limitations, ethical 
concerns, regulatory issues, and accessibility bar-
riers all influence the successful implementation 
of AI in medicine.

One major challenge is the availability of high 
quality data. AI systems depend on large data-
sets for training and validation, but rare dermato-
logical diseases often have very limited numbers 
of documented cases. Unlike common diseases, 
where thousands or millions of examples may be 
available, some rare skin disorders may have only a 
small number of confirmed patients worldwide.

This shortage of data can reduce AI performance 
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and increase the risk of inaccurate predictions. 
Researchers must develop strategies for work-
ing with limited datasets, including international 
collaboration, synthetic data generation, trans-
fer learning, and carefully designed validation 
methods.

Data standardization is another important chal-
lenge. Medical information is often collected 
differently across hospitals and countries. Images 
may vary in quality, clinical terminology may 
differ, and genetic data may be stored in different 
formats. Creating standardized datasets is essen-
tial for developing AI systems that can operate reli-
ably across healthcare environments.

Bias represents another significant concern. AI 
systems learn from the data used to train them. 
If training datasets do not adequately represent 
different ages, ethnic backgrounds, skin types, and 
disease presentations, the resulting models may 
perform poorly for certain populations.

This issue is especially important in dermatology 
because visual diagnosis can be influenced by skin 
pigmentation. AI systems must be trained using 
diverse images representing a wide range of skin 
tones and disease manifestations. Ensuring fair-
ness and inclusivity should be a central goal in AI 
development.

Clinical trust is also essential. Healthcare pro-
fessionals need confidence that AI recommenda-
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tions are accurate, understandable, and clinically 
meaningful. Some AI models function as complex 
systems that produce predictions without clearly 
explaining how they reached their conclusions.

Explainable AI aims to address this problem by 
identifying the factors that influence algorithmic 
decisions. For example, an AI system analyzing a 
skin image should ideally indicate which visual 
features contributed to its prediction. This infor-
mation allows clinicians to evaluate whether the 
recommendation is reasonable.

AI should be viewed as a tool that supports 
medical professionals rather than replacing them. 
Dermatological diagnosis involves more than 
image recognition. Physicians consider patient 
history, emotional needs, treatment preferences, 
and broader health factors. Human expertise re-
mains essential for interpreting AI results and 
making final clinical decisions.

Privacy protection is another major ethical consid-
eration. Dermatological images can contain iden-
tifiable information, and genetic data are highly 
sensitive. Responsible AI development requires se-
cure data storage, controlled access, informed con-
sent, and strong governance frameworks.

Patients must understand how their informa-
tion is used and have confidence that their data 
will not be misused. Transparent communication 
about AI technologies is necessary to maintain 
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trust between patients, healthcare providers, and 
researchers.

Regulatory approval presents additional chal-
lenges. Medical AI systems must meet standards 
for safety, effectiveness, and reliability. Regulatory 
agencies must determine how AI based diagnos-
tic tools and drug discovery platforms should be 
evaluated, particularly because AI systems may 
evolve as they receive new data.

Continuous monitoring will be necessary to en-
sure that AI systems maintain accuracy after de-
ployment. Changes in patient populations, health-
care practices, or disease patterns may affect algo-
rithm performance over time.

Economic accessibility is another concern. Ad-
vanced AI technologies require computing re-
sources, specialized expertise, and infrastruc-
ture. Without careful planning, AI could increase 
healthcare inequalities by benefiting only institu-
tions with greater financial resources.

For rare dermatological diseases, global accessi-
bility is particularly important because patients 
are distributed worldwide. International collabor-
ation and affordable technology solutions will be 
needed to ensure that AI benefits patients regard-
less of geographic location.

Future Perspectives
The future of AI in diagnosis and orphan drug dis-
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covery for rare dermatological diseases is likely to 
involve increasingly integrated systems that con-
nect clinical medicine, molecular research, and 
pharmaceutical development. As AI technologies 
continue to improve, they may transform how 
rare skin disorders are identified, understood, and 
treated. One major future direction is the develop-
ment of comprehensive AI based precision derma-
tology platforms. These systems would combine 
multiple sources of information, including clinical 
images, genetic sequences, laboratory tests, elec-
tronic health records, environmental factors, and 
patient reported outcomes. Rather than classify-
ing patients only according to traditional disease 
categories, AI could identify biological subgroups 
based on underlying mechanisms. This approach 
may reveal that patients with the same diagnosis 
actually have different disease pathways requiring 
different treatments. Precision medicine may be 
particularly valuable for rare dermatological dis-
eases because many conditions are genetically di-
verse. A therapy that works for one molecular sub-
type may not be effective for another. AI can help 
identify which patients are most likely to benefit 
from specific treatments. The integration of AI 
with advanced genomic technologies may also ac-
celerate the development of gene based therapies. 
As researchers gain better understanding of dis-
ease causing mutations, AI can assist in designing 
targeted interventions. This may include gene re-
placement, gene editing, RNA therapies, and per-
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sonalized molecular treatments. Another future 
direction is the development of AI driven drug dis-
covery systems capable of managing the entire 
therapeutic development process. These platforms 
may identify disease targets, design candidate 
molecules, predict safety profiles, and optimize 
clinical trial strategies. Such systems could signifi-
cantly reduce the time and cost required to de-
velop orphan drugs. For rare dermatological dis-
eases, where traditional development pathways 
are often economically challenging, AI may make 
previously impractical treatments possible. Col-
laboration between researchers, healthcare pro-
viders, technology companies, and patient organ-
izations will be essential. Rare disease research de-
pends heavily on patient participation, and AI sys-
tems will require meaningful involvement from 
affected communities. Patient registries and inter-
national data networks will play a critical role in 
supporting AI development. By combining infor-
mation from multiple sources, researchers can cre-
ate more powerful models while respecting priv-
acy and ethical standards. The role of patients in 
AI development is also becoming increasingly im-
portant. Patients can contribute valuable informa-
tion about symptoms, treatment experiences, and 
quality of life outcomes that may not appear in 
traditional medical records. AI systems that in-
corporate patient perspectives may produce more 
clinically meaningful results.
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Another important future development is the 
expansion of AI assisted remote healthcare. 
Teledermatology combined with AI could improve 
access to specialists for patients living in areas 
without advanced medical facilities. This could 
reduce diagnostic delays and allow rare diseases 
to be recognized earlier. AI may also support 
education and training for healthcare profes-
sionals. Because rare dermatological diseases are 
uncommon, many clinicians have limited experi-
ence with them. AI based educational tools could 
provide examples, diagnostic guidance, and case 
simulations to improve clinical knowledge. The 
future of AI in rare dermatological diseases will 
depend on balancing technological innovation 
with ethical responsibility. The goal should not 
simply be the creation of more advanced al-
gorithms, but the development of systems that 
improve patient outcomes, reduce healthcare in-
equalities, and support compassionate medical 
care.

Conclusion
Artificial intelligence is creating new possibil-
ities for the diagnosis and treatment develop-
ment of rare dermatological diseases. These dis-
orders have historically been associated with de-
layed diagnosis, limited therapeutic options, and 
significant challenges in research. AI provides 
powerful tools for overcoming these barriers by 
analyzing complex clinical, imaging, genetic, and 
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molecular information. In diagnosis, AI can im-
prove recognition of rare skin disorders through 
image analysis, digital pathology, genomic inter-
pretation, and multimodal data integration. These 
approaches may reduce diagnostic delays and 
allow patients to receive appropriate care earl-
ier. In orphan drug discovery, AI can accelerate 
the identification of therapeutic targets, support 
drug repurposing, improve molecular design, and 
optimize clinical trials. These capabilities may 
help transform rare dermatological diseases from 
conditions with limited treatment options into 
diseases with targeted and personalized therap-
ies. However, successful implementation of AI re-
quires careful attention to data quality, fairness, 
privacy, transparency, and accessibility. AI should 
enhance human expertise rather than replace 
clinical judgment. Collaboration among patients, 
researchers, clinicians, and technology developers 
will be essential for ensuring that AI serves the 
needs of individuals affected by rare dermato-
logical diseases. As artificial intelligence continues 
to evolve, its integration with genomics, biotech-
nology, and precision medicine may create a new 
era of dermatological healthcare. Through earlier 
diagnosis, deeper biological understanding, and 
faster therapeutic development, AI has the poten-
tial to improve the lives of patients with rare skin 
disorders and contribute to a future where even 
the rarest diseases receive effective and personal-
ized solutions.
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6. AI IN DIAGNOSIS AND 
ORPHAN DRUG DISCOVERY 

FOR RARE CANCERS 

Background
Rare cancers, as classified by the National Cancer 
Institute (NCI), occur in fewer than 15 people 
per 100,000 individuals each year. Although rare 
cancers affect only a small proportion of the popu-
lation, they account for approximately 25% of all 
cancer diagnoses and are associated with an es-
timated 47% five-year relative survival rate. Des-
pite their collective burden, rare cancers remain an 
underrecognized public health challenge because 
of their heterogeneity, limited clinical evidence, 
and restricted treatment options.

Rare cancers often have limited therapeutic op-
tions because their low incidence makes it diffi-
cult, time consuming, and expensive to conduct 
adequately powered clinical trials. This creates 
complex scientific, regulatory, and financial chal-
lenges for pharmaceutical companies, making the 
development of effective therapies commercially 
risky and often economically unattractive. Con-
sequently, many patients with rare cancers have 
limited access to evidence-based treatment strat-
egies and innovative therapeutic options.

An orphan drug is a medication intended for 
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the treatment of rare diseases and generally car-
ries a high price despite the considerable clin-
ical uncertainty associated with its development 
and use. Rare cancers represent a major focus of 
orphan drug development, and 15 of the top 20 
best-selling orphan drugs worldwide are oncology 
products. Traditional experimental drug discov-
ery methods require substantial time, financial in-
vestment, and laboratory resources, are frequently 
not economically viable for rare conditions, and 
often fail to meet the urgent clinical needs of 
patients. These limitations have driven a major 
transformation in approaches to cancer treatment 
and orphan drug discovery.

In recent years, increasing attention has been dir-
ected toward optimizing cancer management and 
accelerating orphan drug development through 
the application of artificial intelligence (AI), one 
of the defining technologies of the Fourth Indus-
trial Revolution. AI has emerged as a powerful 
tool for improving the diagnosis of rare cancers, 
identifying novel therapeutic targets, accelerating 
drug discovery, optimizing clinical decision-mak-
ing, and supporting precision oncology through 
the integration of complex biomedical data.

Analysis of molecular mechanisms increasingly 
relies on advanced AI and machine learning 
(ML) approaches. Machine learning models ana-
lyze large-scale biological datasets, classify can-
cer images following feature extraction, and use 
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multi-omics data to predict quantitative pheno-
types. These models distinguish between differ-
ent cancer subtypes based on histopathological, 
genomic, transcriptomic, proteomic, and clinical 
features obtained using a variety of technologies. 
For example, Random Forest, an ensemble learn-
ing method, uses a tree-like structure to con-
struct multiple decision trees from feature values 
and predicts outcomes based on the majority 
vote of the individual trees. Furthermore, ma-
chine learning models can stratify patients into 
clinically meaningful subgroups by integrating 
multidimensional data, allowing researchers and 
clinicians to predict which subsets of patients are 
most likely to benefit from investigational therap-
ies and personalized treatment strategies.

Deep learning (DL), a specialized branch of arti-
ficial intelligence, provides additional capabilities 
for cancer diagnosis, prognosis, and drug discov-
ery. Deep learning models can stratify patients 
according to disease stage and identify individuals 
with a more favorable prognosis, thereby helping 
clinicians avoid unnecessary adjuvant chemother-
apy and its associated adverse effects. By integrat-
ing multi-omics data, including genomics, tran-
scriptomics, proteomics, metabolomics, and other 
biological information, deep learning can analyze 
vast and highly complex datasets to uncover pre-
viously unrecognized therapeutic targets. These 
models identify key molecular pathways, bio-
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logical networks, and vulnerable regulatory nodes 
that contribute to tumor initiation, progression, 
metastasis, and treatment resistance. Deep learn-
ing has enabled transformative advances ranging 
from the macroscopic analysis of omics networks 
to the microscopic characterization of molecular 
structures, thereby accelerating the early phases of 
oncology drug discovery and therapeutic develop-
ment.

Natural language processing (NLP), another im-
portant branch of artificial intelligence, analyzes 
both structured and unstructured healthcare data, 
including electronic medical records, pathology 
reports, radiology reports, clinical notes, scien-
tific literature, and medical images. This compre-
hensive analysis supports evidence-based clinical 
decision-making by extracting clinically relevant 
information from large and complex datasets. NLP 
techniques, together with large language models, 
facilitate biomedical knowledge mining, improve 
patient identification for clinical trials, support 
pharmacovigilance by monitoring adverse drug 
effects, and contribute to more efficient clinical re-
search and healthcare delivery.

Artificial intelligence overcomes many of the bar-
riers associated with rare cancers by integrating 
diverse sources of biological, clinical, imaging, 
and pharmacological data to identify meaning-
ful interactions among genes, proteins, molecular 
pathways, and therapeutic agents. The ability to 
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predict, monitor, and overcome drug resistance 
and treatment-related toxicity remains one of the 
greatest challenges in oncology because both sub-
stantially reduce treatment efficacy, comprom-
ise patient safety, and negatively affect long-term 
clinical outcomes. AI-driven predictive models 
provide valuable opportunities to address these 
challenges and improve individualized treatment 
selection.

Cancer is one of the leading causes of death and a 
major global health concern worldwide. Rare can-
cers are generally defined as cancers that occur in 
fewer than six cases per 100,000 individuals per 
year. Although individually uncommon, patients 
diagnosed with rare cancers often experience 
poorer clinical outcomes, and their five-year sur-
vival rate is approximately 47%, compared with 
65% among patients with more common cancers. 
Rare cancers present numerous challenges, includ-
ing limited availability of clinical data, unique 
molecular heterogeneity, low diagnostic rates, de-
layed recognition, and substantial difficulties in 
achieving an early and accurate diagnosis.

Current diagnostic approaches for rare cancers 
are primarily based on histopathological examin-
ation, tissue biopsy, molecular and biochemical 
analyses, and medical imaging. The combined 
application of pathology and whole genome se-
quencing (WGS) has emerged as a particularly 
promising strategy for diagnosing rare cancers, ac-
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curately classifying tumor subtypes, identifying 
molecular abnormalities, and facilitating the de-
velopment of personalized treatment approaches 
tailored to individual patients.

Over the past decade, remarkable advances in 
computer software, statistics, computational al-
gorithms, and internet technologies have sub-
stantially improved clinical decision-making and 
healthcare delivery. Artificial intelligence (AI) is 
broadly defined as the ability of machines to 
perform tasks that typically require human intel-
ligence and to mimic human cognitive func-
tions, including learning, reasoning, pattern rec-
ognition, prediction, and decision-making. In the 
context of rare cancers, where low incidence 
rates, insufficient clinical research, limited sam-
ple sizes, and restricted biological diversity have 
long represented major barriers, AI algorithms can 
analyze and integrate data obtained from multiple 
sources, including radiological images, patho-
logical slides, genomic profiles, and electronic 
health records, to improve cancer detection, classi-
fication, and diagnostic accuracy.

The two principal branches of artificial intelli-
gence used in healthcare are machine learning 
(ML) and deep learning (DL), which are frequently 
mentioned together but represent distinct compu-
tational approaches. Deep learning is a specialized 
subset of machine learning. Machine learning em-
ploys statistical techniques to develop, optimize, 
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and refine predictive algorithms using structured 
and unstructured datasets, whereas deep learn-
ing utilizes multilayered artificial neural networks 
capable of automatically learning hierarchical 
data representations and generating highly accur-
ate predictions without extensive manual feature 
engineering. These complementary approaches 
have become essential components of modern 
precision oncology and computational cancer re-
search.

For example, in histopathology, convolutional 
neural networks (CNNs) can be trained using digi-
tized whole-slide images to recognize the morpho-
logical characteristics of rare sarcoma subtypes, 
uncommon neuroendocrine tumors, and other 
rare malignancies, thereby providing a valuable 
second-read system that supports pathologists in 
achieving more accurate diagnoses. Among deep 
learning techniques, Generative Adversarial Net-
works (GANs) have emerged as a major advance-
ment in computer vision because of their ability to 
generate realistic, high-resolution synthetic med-
ical images. GANs possess a powerful self-learning 
capability that captures complex data characteris-
tics and underlying distribution patterns through 
iterative adversarial training between a generator 
and a discriminator. This capability is particu-
larly valuable for addressing the imbalanced learn-
ing problem frequently encountered in rare cancer 
diagnosis, where the limited availability of clinical 
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samples and the practical challenges associated 
with patient recruitment restrict the development 
of robust predictive models. By generating realistic 
synthetic data, GANs can improve model training, 
increase diagnostic performance, and enhance the 
generalizability of AI systems.

Advanced computational models that integrate 
multiple sources of information, including multi-
modal machine learning frameworks, are particu-
larly noteworthy in rare cancer research. These 
models simultaneously analyze imaging data, 
clinical records, genomic information, laboratory 
findings, demographic characteristics, and other 
relevant patient information to improve diagnos-
tic performance and clinical decision-making. For 
example, AI models that integrate medical im-
aging, electronic health records, and demographic 
variables have demonstrated substantial improve-
ments in narrowing differential diagnoses for rare 
genetic disorders. Similar multimodal approaches 
have significant potential for identifying rare can-
cer phenotypes that present with subtle clinical 
manifestations, atypical imaging features, or com-
plex molecular signatures that are often diffi-
cult to recognize using conventional diagnostic 
methods.

The discovery and development of orphan drugs 
represent highly complex, lengthy, and expensive 
processes. Developing a single new therapeutic 
agent generally requires approximately 10 years 
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and costs more than US$2.6 billion. Artificial 
intelligence has emerged as a transformative 
technology capable of revolutionizing drug dis-
covery and development by reducing failure rates, 
increasing research efficiency, shortening devel-
opment timelines, and lowering overall costs. By 
applying sophisticated computational algorithms, 
AI accelerates the identification of novel thera-
peutic targets, predicts molecular interactions, op-
timizes compound design and synthesis, and pri-
oritizes candidate drugs for preclinical and clinical 
evaluation.

Knowledge graph-based approaches, such as 
TxGNN, have demonstrated substantially higher 
predictive accuracy than conventional computa-
tional methods in identifying candidate drugs 
for rare and difficult-to-treat diseases. These ap-
proaches illustrate how artificial intelligence can 
systematically integrate and leverage widely dis-
persed biomedical knowledge, including genetic 
information, protein interactions, disease path-
ways, pharmacological data, and published scien-
tific evidence, rather than relying primarily on 
chance clinical observations. In parallel, AI-driven 
protein structure prediction platforms inspired by 
AlphaFold facilitate accurate modeling of protein-
ligand interactions involving rare cancer targets, 
thereby supporting virtual screening, rational 
drug design, and the de novo generation of small 
molecules with optimized potency, selectivity, and 
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pharmacological characteristics.

Dedicated oncology AI platforms have already 
demonstrated their value in accelerating the de-
velopment of novel anticancer therapies. For ex-
ample, the RADR platform has been used in the 
development of LP-184, a synthetic small mol-
ecule belonging to a class of naturally occurring 
anticancer compounds that exerts its therapeutic 
activity by selectively damaging the DNA of 
cancer cells. BioXcel Therapeutics successfully 
repurposed BXCL701 using its AI-based drug dis-
covery platform. Through this computational ap-
proach, the company identified that BXCL701 may 
act synergistically with immune checkpoint in-
hibitors, potentially providing meaningful thera-
peutic benefits for patients who fail to respond 
adequately to checkpoint inhibitor monotherapy. 
Similarly, Relay Therapeutics identified RLY-4008 
using its AI-enabled drug discovery platform, and 
a Phase II clinical trial is currently evaluating 
its tolerability, safety, and antineoplastic activity 
in patients with metastatic cholangiocarcinoma 
and other advanced solid tumors. These examples 
illustrate the growing impact of artificial intelli-
gence on accelerating the development, optimiza-
tion, and clinical translation of innovative therap-
ies for rare cancers.

This study aims to elucidate the key concepts 
underlying the application of artificial intelligence 
in the diagnosis and management of rare cancers 
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by reviewing the technological foundations of AI 
and examining representative applications across 
pathology, radiology, genomics, and precision on-
cology. It also addresses major challenges related 
to data availability, model validation, ethical 
considerations, regulatory requirements, trans-
parency, interpretability, and clinical implementa-
tion. By synthesizing current evidence and high-
lighting emerging technological developments, 
this review demonstrates how artificial intelli-
gence is evolving from a promising technological 
innovation into an indispensable tool for reducing 
the diagnostic odyssey experienced by patients 
with rare cancers. Through earlier and more ac-
curate diagnosis, improved disease classification, 
enhanced prognostic assessment, and more effect-
ive integration into personalized cancer care, AI 
has the potential to substantially improve patient 
outcomes. Furthermore, by linking molecular sig-
natures, imaging characteristics, and circulating 
tumor DNA profiles with therapeutic responses, 
AI-driven methodologies facilitate the identifica-
tion of enriched patient subgroups, support preci-
sion medicine strategies, and enable the design of 
adaptive clinical trials that maximize information 
obtained from limited patient populations. The 
convergence of orphan drug development incen-
tives with rapidly advancing artificial intelligence 
technologies highlights the pivotal role that AI is 
expected to play in transforming the future of rare 
cancer diagnosis, orphan drug discovery, precision 
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oncology, and personalized cancer treatment.

According to the RARECARE project, rare cancers 
are defined as cancers with an annual incidence 
of fewer than 6 cases per 100,000 population. The 
total annual incidence of all rare cancers in Eur-
ope is estimated to be approximately 108 cases per 
100,000 population, representing around 541,000 
new cases each year and accounting for more than 
22% of the total cancer burden on the continent, 
although the incidence of each individual rare can-
cer type remains low. Despite their relatively low 
incidence individually, rare cancers collectively 
represent a substantial public health challenge.

More importantly, the 5-year survival rate of pa-
tients with rare cancers, which is approximately 
47%, is considerably lower than that of patients 
with common cancers, with a reported survival 
rate of around 65%. This difference highlights 
a significant therapeutic gap and emphasizes the 
unmet medical needs among patients with rare 
cancers. One of the most important factors con-
tributing to this gap is delayed diagnosis. A study 
showed that 50% of patients with rare diseases at-
tributed diagnostic delays to insufficient physician 
awareness, while 42% reported limited access to 
specialized healthcare providers as a major con-
tributing factor. These diagnostic delays have ser-
ious clinical consequences and directly influence 
disease progression, treatment opportunities, and 
overall patient prognosis.
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At the same time, the limited availability of tar-
geted treatment options has contributed to the 
emergence of the concept of "orphan drugs." Or-
phan drugs are medications that pharmaceutical 
companies may not consider economically feas-
ible to develop because of the small number of po-
tential patients and limited market opportunities. 
Incentive policies, such as the Orphan Drug Act 
introduced in 1983, have increased the number 
of approved orphan drugs and encouraged phar-
maceutical investment in rare diseases. However, 
despite these advances, a considerable therapeutic 
gap remains for many rare cancers, and numerous 
patients continue to lack effective and disease-spe-
cific treatment options.

In this context, artificial intelligence (AI), particu-
larly machine learning (ML) and deep learning 
(DL), has emerged as a transformative technology 
in two major areas: early diagnosis and drug 
discovery. Wojtara et al. reported that 84% of 
studies published in PubMed regarding the appli-
cation of AI in rare diseases were published be-
tween 2020 and 2023, demonstrating the rapidly 
increasing interest and accelerated development 
of this field. Deep learning algorithms can ana-
lyze digital medical images, genomic information, 
and multidimensional omics datasets to identify 
complex patterns that may not be detectable by 
human observers. These capabilities have created 
new opportunities for improving early detection, 
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classification, and risk assessment of rare cancers, 
making more accurate and timely diagnosis an in-
creasingly achievable goal.

In the field of drug discovery, AI-enabled drug 
repurposing approaches have facilitated the faster 
identification of new therapeutic applications for 
existing compounds. Pushpakom et al. demon-
strated that drug repurposing strategies can re-
duce development costs and shorten development 
timelines compared with the creation of entirely 
new drugs, largely because these approaches util-
ize compounds with previously established safety 
profiles. This approach is particularly valuable in 
rare diseases, where limited patient populations 
and insufficient financial incentives often restrict 
traditional drug development pathways.

In this regard, the review by Cortial et al. high-
lighted that, despite the currently limited body 
of evidence, international investments and col-
laborative initiatives, including the REMEDi4ALL 
platform and the DREAMS consortium supported 
by an 8 million euro budget from the Euro-
pean Commission, reflect the growing recogni-
tion of the potential role of artificial intelligence 
in advancing drug repurposing and therapeutic 
development for rare diseases. These initiatives 
demonstrate increasing confidence that AI-based 
approaches can overcome some of the challenges 
associated with conventional drug discovery and 
improve access to innovative treatments for pa-
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tients with rare cancers.

However, several fundamental barriers continue 
to limit the full realization of artificial intelli-
gence potential in rare cancer diagnosis and treat-
ment. The most important challenges include the 
lack of sufficient and well-labeled training data-
sets for rare cancers, algorithmic bias resulting 
from heterogeneity in available datasets, limited 
representation of diverse patient populations, and 
difficulties associated with clinical validation and 
implementation. Addressing these challenges re-
quires international collaboration, improved data-
sharing frameworks, standardized methodologies, 
rigorous validation studies, and close cooperation 
between researchers, clinicians, artificial intelli-
gence specialists, and healthcare policymakers. 
Overcoming these limitations will be essential for 
translating AI innovations into reliable clinical 
tools that can improve diagnosis, accelerate thera-
peutic discovery, and ultimately enhance out-
comes for patients with rare cancers.

Orphan Drug Discovery Algorithms
Generative Adversarial Networks (GANs) are 
powerful deep learning models capable of generat-
ing synthetic data that closely resemble real bio-
logical and chemical datasets. These models have 
been successfully adapted for de novo drug design 
by generating novel chemical structures with de-
sired biological characteristics. Generative models 
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can be directed to produce compounds with high 
affinity for specific molecular targets while simul-
taneously optimizing favorable pharmacokinetic 
and pharmacodynamic properties. Consequently, 
GANs facilitate the design of innovative drug-
like molecules and accelerate the discovery of 
new chemical entities with significant therapeutic 
potential for rare cancers. Artificial intelligence 
also plays an important role in drug repurposing 
by analyzing drug-target interactions, integrat-
ing multiple biomedical datasets, and identify-
ing existing non-oncology small-molecule drugs 
that may demonstrate therapeutic efficacy against 
rare cancers. Drug repurposing substantially re-
duces development costs, shortens the time re-
quired for clinical implementation, and increases 
the likelihood of successfully identifying effective 
treatments for patients with limited therapeutic 
options.

Another important application of AI is novel 
target identification. Graph neural networks and 
other advanced machine learning models can fa-
cilitate the discovery of neoantigens, tumor-asso-
ciated antigens, and cancer vaccines by analyzing 
protein-protein interaction networks, signaling 
pathways, molecular interactions, and biological 
processes implicated in rare cancers. These com-
putational approaches enable researchers to iden-
tify previously unrecognized therapeutic targets 
that may not be detectable using conventional 

DR. MEISAM SARGAZI

110

Artificial Intelligence In 
Rare Cancer Diagnosis 

Accurate diagnosis is essential for effective can-
cer treatment, but rare cancers often present sig-
nificant diagnostic difficulties. Many rare tumors 
resemble more common cancers, making clin-

experimental methods. Because neoantigens are 
highly individualized and frequently unique to 
each patient, artificial intelligence can support 
precision oncology by personalizing radiother-
apy dosing through the analysis of individual 
genetic, molecular, clinical, and health-related 
data. These predictive models assist oncologists 
in avoiding ineffective treatment strategies, min-
imizing treatment-related toxicities and adverse 
effects, identifying patients most likely to benefit 
from specific therapeutic interventions, and op-
timizing individualized radiation dose plans. As 
a result, AI-guided personalized radiotherapy is 
becoming an increasingly important component 
of modern cancer care. Artificial intelligence also 
guides researchers in selecting the most promising 
personalized cancer vaccines for further develop-
ment by evaluating immunogenicity, molecular 
targets, and predicted clinical responses. These 
computational approaches improve the efficiency, 
accuracy, and overall effectiveness of vaccine de-
velopment, accelerate translational research, and 
contribute to the advancement of precision medi-
cine for patients with rare cancers.
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ical recognition challenging. AI technologies are 
helping improve diagnosis by analyzing medical 
images, pathology samples, genomic information, 
and patient data with high levels of precision. 
Medical imaging is one of the most developed 
areas of AI application in oncology. Imaging tech-
niques such as computed tomography, magnetic 
resonance imaging, positron emission tomog-
raphy, and ultrasound generate large amounts of 
visual information. Interpreting these images re-
quires specialized expertise, and subtle differences 
between tumor types may be difficult to detect. 
Deep learning algorithms can analyze medical im-
ages to identify patterns associated with specific 
cancer characteristics. These systems can detect 
abnormalities, measure tumor features, and pre-
dict disease behavior. In rare cancers, AI may 
help distinguish uncommon tumors from more 
frequent malignancies by recognizing unique im-
aging patterns. For example, rare brain tumors, 
sarcomas, and neuroendocrine tumors often 
have complex imaging characteristics. AI models 
trained on large collections of imaging data may 
identify features that help differentiate these tu-
mors from other conditions. This can support 
earlier diagnosis and reduce the risk of incorrect 
classification. Digital pathology is another import-
ant area where AI is transforming rare cancer 
diagnosis. Pathologists traditionally examine tis-
sue samples under microscopes to identify cancer 
cells and classify tumor types. However, rare can-
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cers often require highly specialized knowledge, 
and interpretation may vary between experts. AI 
based pathology systems can analyze high resolu-
tion digital images of tumor tissue and identify 
cellular patterns, structural changes, and molecu-
lar features. These systems can assist pathologists 
by highlighting important regions within samples 
and providing diagnostic suggestions. 
In rare cancers, AI can be especially valuable 
because many diagnoses depend on subtle micro-
scopic differences. For example, distinguishing be-
tween different rare sarcoma subtypes or unusual 
lymphomas may require extensive expertise. AI 
systems can compare tissue patterns with large 
reference databases and assist specialists in reach-
ing more accurate conclusions. AI is also im-
proving molecular diagnosis. Many rare cancers 
are driven by specific genetic mutations, chromo-
somal changes, or molecular pathways. Identify-
ing these alterations is essential because they may 
determine which treatments are effective. 
Machine learning algorithms can analyze genomic 
sequencing data to identify disease related muta-
tions and predict their clinical significance. These 
systems can evaluate patterns across thousands 
of genes and compare patient data with existing 
cancer databases. One major challenge in cancer 
genomics is interpreting variants of uncertain sig-
nificance. A patient’s tumor may contain genetic 
changes that are not well understood. AI models 
can analyze available biological evidence, previous 
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research findings, and patient characteristics to 
estimate whether these changes are likely to influ-
ence cancer development or treatment response. 
AI can also support the discovery of new can-
cer classifications. Traditional cancer categories 
are often based on where a tumor develops, but 
AI analysis of molecular data may reveal pre-
viously unrecognized subgroups. These new clas-
sifications can improve treatment selection and 
identify patients who may benefit from specific 
therapies. 
Another important application is the analysis of 
electronic health records. Healthcare databases 
contain valuable information about patient symp-
toms, diagnoses, treatments, laboratory results, 
and outcomes. AI can identify patterns within 
these records that may indicate rare cancers. 
For example, an AI system may recognize combin-
ations of unusual symptoms, abnormal laboratory 
findings, and treatment responses that suggest a 
rare malignancy. This could help clinicians con-
sider rare cancer diagnoses earlier and reduce 
delays in care. AI can also support liquid bi-
opsy analysis. Liquid biopsies detect tumor re-
lated molecules, such as circulating tumor DNA, in 
blood samples. These tests provide a noninvasive 
method for monitoring cancer development and 
treatment response. AI algorithms can analyze 
complex molecular signals from liquid biopsies 
and identify patterns associated with specific can-
cers. 

DR. MEISAM SARGAZI

114

For rare cancers, liquid biopsy combined with 
AI may be particularly valuable because obtain-
ing tissue samples can sometimes be difficult. AI 
based analysis may allow earlier detection and 
continuous monitoring without repeated invasive 
procedures. Despite these benefits, AI based cancer 
diagnosis faces several limitations. Rare cancers 
often have insufficient data available for training 
reliable models. Because AI systems learn from ex-
isting examples, limited representation of rare tu-
mors can reduce accuracy. 
Data diversity is another important issue. Cancer 
patients differ in age, genetics, ethnicity, envir-
onmental exposures, and healthcare access. AI 
models must be trained using diverse populations 
to ensure that they perform effectively across 
different groups. Explainability is also essen-
tial. Clinicians need to understand why AI sys-
tems generate specific predictions. Transparent AI 
models that identify important features influen-
cing decisions are more likely to be trusted and in-
tegrated into medical practice.
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7. AI IN DIAGNOSIS AND ORPHAN 
DRUG DISCOVERY FOR RARE ORAL 

AND CRANIOFACIAL DISEASES 

Background 
Healthcare is being rapidly revolutionized by tech-
nologies defined as artificial intelligence (AI). Arti-
ficial intelligence (AI) has the capacity to aid in the 
prevention, diagnosis, and treatment of rare dis-
eases (RDs). A rare disease is defined as a condition 
that affects a small population of patients and has 
a very low incidence rate. Orphan drugs are closely 
associated with rare diseases and are defined as 
medications that affect a small population and are 
used for the treatment or diagnosis of rare dis-
eases. The number of affected individuals varies 
by country. In the United States, a rare disease 
affects fewer than 200,000 people, while in Japan, 
it affects approximately 50,000 people. 
Artificial intelligence (AI) acts as a valuable 
partner in collecting, integrating, and analyzing 
diverse types of data, providing diagnostic deci-
sion support systems that assist healthcare profes-
sionals by offering relevant differential diagnoses. 
Such systems have already been successfully ap-
plied in a wide range of established clinical use 
cases. In the context of rare diseases, amelogen-
esis imperfecta is a genetically and phenotypically 
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heterogeneous inherited disorder that affects the 
structure and quality of enamel development. It 
may present as an isolated trait or as part of a gen-
etic syndrome, highlighting the considerable po-
tential of AI tools to support the diagnosis, clinical 
management, and monitoring of complex, low-
prevalence conditions. 
For patients with rare diseases, the period between 
the onset of the first symptoms and the establish-
ment of a correct diagnosis, commonly known as 
the "diagnostic odyssey," is often prolonged. These 
delays are caused by limited physician awareness, 
poorly defined or overlapping clinical profiles, and 
substantial genetic complexity, in which a single 
syndrome may involve multiple genes or similar 
clinical manifestations may arise from variants in 
the same gene. During this period, many patients 
experience misdiagnosis, receive ineffective or un-
necessary treatments, or remain without a defini-
tive diagnosis for many years. Early diagnosis is 
particularly important for the small percentage 
of rare diseases for which effective treatments 
are available, such as Fabry disease, where timely 
therapeutic intervention can prevent, delay, or sta-
bilize progressive organ damage. 
Artificial intelligence (AI) offers a powerful so-
lution to these diagnostic challenges. By inte-
grating and analyzing large volumes of diverse 
clinical, genetic, imaging, and laboratory data, 
AI supports diagnostic decision support systems 
that help clinicians generate relevant differen-
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tial diagnoses with greater accuracy, consistency, 
and speed. These systems have been successfully 
implemented in a variety of established medical 
fields, including oncology, and recent advances in 
AI algorithms have enabled their application to 
rare diseases despite the availability of relatively 
small datasets. Early AI-assisted diagnosis can fa-
cilitate timely treatment decisions, predict disease 
progression, optimize long-term disease manage-
ment, and ultimately improve clinical outcomes 
and quality of life for both patients and their fam-
ilies. 
Patients with amelogenesis imperfecta may ex-
perience changes in enamel color, surface texture, 
and hardness, as well as dental sensitivity, pain, 
and a variety of other oral abnormalities, includ-
ing tooth agenesis, pulp calcifications, anterior 
open bite, gingival overgrowth, and periodontal 
disease. Misdiagnosis or delayed recognition of 
this condition can lead to poor oral health, func-
tional impairment, aesthetic concerns, and an in-
creased risk of long-term dental complications. 
Integrating AI tools into the diagnosis and man-
agement of amelogenesis imperfecta could en-
able earlier and more accurate diagnosis, support 
personalized dental treatment planning, facilitate 
continuous patient monitoring, and potentially 
guide the development and application of targeted 
therapeutic strategies. This highlights the broader 
potential of artificial intelligence in addressing the 
diagnostic and therapeutic challenges associated 
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with rare diseases, improving patient outcomes, 
enhancing clinical decision-making, and reducing 
the overall burden on healthcare systems. 
Rare oral and craniofacial diseases represent a 
broad and complex group of disorders affecting 
the mouth, teeth, jaws, facial structures, and re-
lated biological systems. Although each individ-
ual condition may affect only a small number of 
people, collectively these disorders create substan-
tial health challenges worldwide. They include 
rare developmental abnormalities, inherited cran-
iofacial syndromes, genetic dental disorders, rare 
oral tumors, congenital malformations, immune 
related oral diseases, and disorders affecting fa-
cial bones and soft tissues. These conditions often 
cause significant functional limitations, including 
difficulties with speech, chewing, breathing, swal-
lowing, and facial expression, while also affecting 
psychological well being and social development. 
The oral and craniofacial region contains many 
specialized tissues, including enamel, dentin, peri-
odontal structures, oral mucosa, salivary glands, 
facial bones, muscles, nerves, and connective tis-
sues. Because these structures develop through 
complex biological processes involving many 
genes and signaling pathways, abnormalities in 
development or maintenance can result in rare 
disorders with diverse clinical manifestations. 
Some conditions primarily affect oral structures, 
while others are part of broader genetic syn-
dromes involving multiple organs. 
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Examples of rare oral and craniofacial diseases 
include amelogenesis imperfecta, dentinogenesis 
imperfecta, craniofacial dysostoses, cleidocranial 
dysplasia, rare odontogenic tumors, congenital 
craniofacial syndromes, hereditary gingival dis-
orders, rare salivary gland diseases, and gen-
etic conditions affecting jaw development. Many 
of these disorders are associated with mutations 
affecting tissue formation, mineralization, extra-
cellular matrix organization, or developmental 
signaling pathways. 
Diagnosis of rare oral and craniofacial diseases 
is often difficult because symptoms may over-
lap with more common dental or medical condi-
tions. A patient with abnormal tooth development 
may initially be diagnosed with routine dental 
problems, while an individual with facial skeletal 
abnormalities may undergo extensive evaluation 
before receiving a precise diagnosis. The rarity 
of these conditions means that many healthcare 
professionals have limited experience recognizing 
them. 
Traditional diagnosis relies on clinical exam-
ination, dental imaging, radiography, computed 
tomography, magnetic resonance imaging, histo-
pathological analysis, laboratory testing, and gen-
etic evaluation. These methods have significantly 
improved understanding of craniofacial disorders, 
but important limitations remain. Some diseases 
require specialized expertise that may not be avail-
able in all healthcare systems. In addition, many 
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conditions have variable clinical presentations, 
making diagnosis challenging even for experi-
enced specialists. 
Genetic testing has become increasingly import-
ant in rare oral and craniofacial disease diag-
nosis. Advances in next generation sequencing 
have allowed researchers to identify many disease 
causing mutations. However, interpreting genetic 
information remains complex. A patient may 
have numerous genetic variants, and determin-
ing which variant explains the clinical condition 
requires integration of genetic evidence with im-
aging findings, physical characteristics, and bio-
logical knowledge. 
Treatment options for many rare oral and cran-
iofacial diseases remain limited. Some conditions 
require lifelong supportive care, reconstructive 
procedures, orthodontic interventions, or surgical 
management. While these approaches can im-
prove function and quality of life, they often ad-
dress symptoms rather than the underlying bio-
logical cause. 
The development of orphan drugs for rare oral 
and craniofacial diseases faces similar challenges. 
Small patient populations, limited clinical trial 
participants, incomplete understanding of disease 
mechanisms, and high development costs have 
historically slowed therapeutic progress. Many 
rare disorders affecting the oral and craniofacial 
region have received less research attention com-
pared with more common diseases. 
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Artificial intelligence has emerged as a powerful 
technology capable of transforming diagnosis and 
drug discovery for these rare conditions. AI sys-
tems can analyze large amounts of medical im-
ages, genomic information, clinical records, and 
biological data to identify patterns that may be 
difficult for humans to detect. In dentistry, oral 
medicine, and craniofacial research, AI is creating 
new opportunities for earlier diagnosis, improved 
classification, personalized treatment planning, 
and accelerated therapeutic development. 
The combination of AI with genomics, medical 
imaging, computational biology, and precision 
medicine provides a new framework for under-
standing rare oral and craniofacial diseases. In-
stead of relying only on visible symptoms, AI al-
lows researchers to investigate the molecular and 
biological mechanisms underlying disease devel-
opment. This may lead to more accurate diagnoses 
and targeted therapies. 

Artificial Intelligence In Rare Oral 
And Craniofacial Disease Diagnosis 

Diagnosis is one of the most important areas 
where AI is influencing rare oral and craniofa-
cial disease management. These disorders often 
involve complex combinations of clinical, radio-
logical, and genetic features. AI can integrate 
different types of information and provide diag-
nostic support for clinicians. 
Medical imaging is one of the most promising ap-
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plications of AI in oral and craniofacial medicine. 
Dental radiographs, cone beam computed tomog-
raphy, panoramic imaging, and three dimensional 
facial scans provide valuable information about 
teeth, jaws, and surrounding structures. How-
ever, interpreting these images requires expertise 
and may be challenging when abnormalities are 
subtle. 
Deep learning algorithms can analyze dental and 
craniofacial images to identify patterns associ-
ated with rare disorders. These systems can detect 
changes in tooth structure, bone development, fa-
cial symmetry, and tissue abnormalities. For rare 
developmental conditions, AI may recognize pat-
terns that suggest a specific diagnosis even when 
clinical signs are incomplete. 
In genetic dental disorders such as amelogen-
esis imperfecta and dentinogenesis imperfecta, AI 
based image analysis may assist clinicians in dis-
tinguishing between different disease types. These 
disorders can involve abnormalities in enamel or 
dentin formation, resulting in changes in tooth 
appearance, strength, and structure. AI systems 
can analyze dental images together with genetic 
information to improve classification. 
Craniofacial syndromes often involve complex 
skeletal abnormalities. Three dimensional im-
aging technologies provide detailed information 
about facial bone development, but interpreting 
these data requires specialized knowledge. AI can 
analyze three dimensional facial structures and 
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identify patterns associated with specific syn-
dromes. 
For example, AI systems can compare facial meas-
urements, skeletal relationships, and developmen-
tal characteristics with large databases of con-
firmed cases. This may help clinicians recognize 
rare syndromes earlier and guide appropriate gen-
etic testing. 
Digital pathology is another important area where 
AI contributes to diagnosis. Rare oral tumors and 
unusual mucosal diseases often require micro-
scopic examination for accurate identification. AI 
based pathology systems can analyze tissue sam-
ples and identify cellular patterns associated with 
specific diseases. 
In rare oral cancers and odontogenic tumors, AI 
can assist pathologists by recognizing features re-
lated to tumor type, aggressiveness, and molecular 
characteristics. These systems may improve diag-
nostic consistency and support treatment plan-
ning. 
AI also plays an important role in genetic diag-
nosis. Many rare oral and craniofacial disorders 
are caused by mutations affecting developmental 
genes, structural proteins, or signaling pathways. 
Identifying these genetic causes can provide im-
portant information about disease mechanisms 
and inheritance patterns. 
Machine learning algorithms can analyze genetic 
sequences and predict whether specific variants 
are likely to contribute to disease. These models 
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consider information such as gene function, pro-
tein structure, evolutionary conservation, and 
previous clinical observations. 
Combining genetic data with clinical images is 
particularly valuable. A patient’s facial appear-
ance, dental abnormalities, and skeletal findings 
may provide important diagnostic clues, while 
genetic analysis reveals the underlying cause. Mul-
timodal AI systems can integrate these sources of 
information to improve diagnostic accuracy. 
Electronic health records also provide opportun-
ities for AI based diagnosis. Medical and dental rec-
ords contain information about symptoms, treat-
ments, imaging results, surgical procedures, and 
family history. AI can analyze these data to iden-
tify individuals who may have undiagnosed rare 
disorders. 
For example, an AI system could identify a pattern 
involving delayed tooth eruption, unusual dental 
abnormalities, repeated oral procedures, and fam-
ily history suggestive of a hereditary condition. 
Such recognition could lead to earlier specialist re-
ferral. 
AI can support telemedicine and remote diagnosis 
as well. Many rare oral and craniofacial diseases 
require specialized expertise that may not be avail-
able in rural or underserved areas. AI based sys-
tems can assist healthcare professionals by analyz-
ing patient images and clinical information before 
specialist consultation. 
Despite these advantages, AI diagnosis for rare oral 
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and craniofacial diseases faces several challenges. 
The availability of high quality datasets remains 
a major limitation. Because these conditions are 
uncommon, collecting sufficient numbers of con-
firmed cases for AI training can be difficult. 
Another challenge is variation in clinical presen-
tation. Many rare disorders have significant differ-
ences between patients, even among individuals 
with the same genetic mutation. AI systems must 
be designed to recognize a wide range of disease 
manifestations. 
Data diversity is also important. Facial features, 
dental structures, and disease presentations can 
vary across populations. AI models must be 
trained using diverse datasets to avoid reduced ac-
curacy in underrepresented groups. 
Privacy concerns are particularly relevant because 
craniofacial images and genetic information are 
sensitive personal data. Strong protections are ne-
cessary to ensure responsible use of patient infor-
mation. 

Artificial Intelligence In Orphan 
Drug Discovery For Rare Oral 

And Craniofacial Diseases 
The discovery of orphan drugs for rare oral 
and craniofacial diseases requires innovative ap-
proaches because traditional pharmaceutical de-
velopment methods are often difficult to apply to 
small patient populations. AI is helping overcome 
these challenges by improving understanding of 
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disease mechanisms, identifying therapeutic tar-
gets, and accelerating drug development. 
One major contribution of AI is the discovery 
of molecular pathways involved in rare cranio-
facial disorders. Many of these conditions re-
sult from genetic changes affecting developmental 
processes, tissue formation, or cellular signaling. 
Understanding these mechanisms is essential for 
creating targeted treatments. 
AI can analyze genomic, transcriptomic, pro-
teomic, and clinical datasets to identify relation-
ships between genetic changes and disease fea-
tures. These analyses can reveal pathways that 
may be modified through therapeutic interven-
tion. 
For genetic disorders affecting tooth development, 
AI can help researchers understand how specific 
mutations influence enamel formation, dentin 
production, or mineralization processes. This in-
formation may guide the development of therap-
ies aimed at correcting or compensating for these 
abnormalities. 
Drug repurposing is another important applica-
tion of AI in orphan drug discovery. Existing 
medications with known safety profiles can be 
evaluated for potential use in rare diseases. AI al-
gorithms can compare drug characteristics with 
disease mechanisms to identify possible thera-
peutic opportunities. 
This approach is valuable because developing a 
completely new drug can require many years of re-
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search. Repurposed drugs may move more quickly 
toward clinical testing because important safety 
information is already available. 
AI also improves virtual screening of therapeutic 
compounds. Traditional drug discovery involves 
testing many chemical molecules to identify 
promising candidates. AI models can predict inter-
actions between compounds and disease related 
targets, allowing researchers to prioritize the most 
effective candidates. 
Generative AI technologies are expanding possi-
bilities for molecular design. These systems can 
create new therapeutic molecules with desired 
properties, including improved activity, stability, 
and safety. For rare craniofacial diseases caused 
by specific molecular abnormalities, AI designed 
therapies may provide highly targeted solutions. 
Biomarker discovery is another area where AI con-
tributes to orphan drug development. Biomarkers 
can help researchers measure disease activity, pre-
dict progression, and evaluate treatment effective-
ness. 
AI algorithms can analyze molecular and clinical 
datasets to identify biomarkers associated with 
rare oral and craniofacial diseases. These discov-
eries can improve clinical trial design by help-
ing researchers select appropriate participants and 
measure meaningful outcomes. 
AI can also optimize clinical trials for rare diseases. 
Recruiting enough participants is often one of the 
greatest challenges in orphan drug development. 
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AI can analyze medical records, genetic databases, 
and patient registries to identify individuals who 
may qualify for trials. 
In addition, AI can help predict treatment re-
sponses and identify patient subgroups most 
likely to benefit from specific therapies. This may 
make clinical trials more efficient and increase the 
probability of successful outcomes. 
Personalized medicine represents a major oppor-
tunity for AI in rare oral and craniofacial dis-
eases. Because genetic and biological differences 
influence disease severity and treatment response, 
therapies may need to be tailored to individual pa-
tients. 
AI can integrate genetic information, clinical fea-
tures, imaging findings, and treatment outcomes 
to recommend personalized strategies. This ap-
proach may move care away from generalized 
management toward targeted interventions based 
on disease mechanisms. 

Challenges And Ethical 
Considerations 

Although AI offers significant promise, several 
challenges must be addressed before these tech-
nologies can become widely integrated into rare 
oral and craniofacial healthcare. Limited data 
availability remains one of the most important 
barriers. 
Because rare diseases affect small numbers of in-
dividuals, researchers must develop international 
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collaborations and secure data sharing systems to 
create larger datasets. Without sufficient data, AI 
models may struggle to achieve reliable perform-
ance. 
Data quality and standardization are also crit-
ical. Dental images, facial scans, genetic data, and 
clinical records may be collected using different 
methods. Standardized approaches are necessary 
to ensure that AI systems produce consistent re-
sults. 
Bias is another concern. AI models trained on 
limited populations may perform less accurately 
for individuals with different genetic backgrounds 
or facial characteristics. Diverse datasets are es-
sential for developing fair and reliable systems. 
Transparency and explainability are also import-
ant. Clinicians need to understand how AI systems 
reach their conclusions. Explainable AI methods 
can help identify the factors influencing predic-
tions and increase trust among healthcare profes-
sionals. 
Privacy protection is essential because rare disease 
information can be highly sensitive. Genetic data 
and facial images require careful management to 
protect patient confidentiality. 
AI should support healthcare professionals rather 
than replace them. Diagnosis and treatment de-
cisions require clinical judgment, patient prefer-
ences, and ethical considerations that cannot al-
ways be captured by algorithms. 
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Future Perspectives 
The future of AI in rare oral and craniofacial dis-
ease diagnosis and orphan drug discovery is likely 
to involve increasingly integrated systems com-
bining imaging, genomics, molecular biology, and 
clinical information. 
AI based precision medicine platforms may allow 
clinicians to classify diseases according to bio-
logical mechanisms rather than only visible symp-
toms. This could improve treatment selection and 
lead to more effective therapies. 
The combination of AI with gene editing, re-
generative medicine, and tissue engineering may 
create new possibilities for treating inherited cra-
niofacial disorders. AI can assist researchers in 
identifying genetic targets, predicting therapeutic 
effects, and designing personalized interventions. 
AI may also expand access to specialized care 
through remote diagnostic systems. Patients with 
rare disorders often experience delays because ex-
pert centers are limited. AI supported telemedi-
cine may help connect patients with appropriate 
specialists more efficiently. 
Collaboration between researchers, clinicians, 
technology developers, and patient organizations 
will be essential. Rare disease communities pro-
vide valuable knowledge and support research 
efforts through participation in registries and clin-
ical studies. 
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Conclusion 
Artificial intelligence is transforming the diagno-
sis and orphan drug discovery landscape for rare 
oral and craniofacial diseases. These disorders 
have historically been associated with delayed 
diagnosis, limited treatment options, and signifi-
cant research challenges. AI provides new tools for 
addressing these problems by analyzing complex 
clinical, imaging, genetic, and molecular informa-
tion. 
In diagnosis, AI improves recognition of rare dis-
orders through advanced imaging analysis, digital 
pathology, genetic interpretation, and multimodal 
data integration. These approaches may reduce 
diagnostic delays and improve patient manage-
ment. 
In orphan drug discovery, AI accelerates the iden-
tification of therapeutic targets, supports drug 
repurposing, improves molecular design, and op-
timizes clinical trials. These advances may lead 
to new treatments for conditions that have previ-
ously lacked effective therapies. 
Responsible implementation of AI requires atten-
tion to data quality, privacy, fairness, and clinical 
validation. When combined with human expert-
ise, AI has the potential to create a new era of 
precision medicine for rare oral and craniofacial 
diseases. 
Through continued research and collaboration, ar-
tificial intelligence may help ensure that patients 
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with rare oral and craniofacial disorders receive 
earlier diagnoses, better treatments, and improved 
quality of life.
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8. AI IN DIAGNOSIS AND 
ORPHAN DRUG DISCOVERY 

FOR RARE ORTHOPEDIC AND 
MUSCULOSKELETAL DISEASES 

Background 
Rare orthopedic and musculoskeletal diseases rep-
resent a diverse group of disorders that affect 
bones, joints, muscles, tendons, ligaments, cartil-
age, and connective tissues. Although each indi-
vidual disease may affect a limited number of 
patients, collectively these conditions represent 
a significant global health challenge. They often 
cause chronic pain, physical disability, impaired 
mobility, reduced independence, and decreased 
quality of life. Many rare musculoskeletal dis-
orders begin during childhood or adolescence and 
continue throughout life, creating long term med-
ical, social, and economic burdens for patients and 
families. 
These diseases include inherited skeletal dis-
orders, rare bone metabolism disorders, genetic 
muscle diseases, connective tissue disorders, rare 
inflammatory conditions, and unusual forms of 
degenerative or developmental abnormalities. Ex-
amples include osteogenesis imperfecta, achon-
droplasia, muscular dystrophies with skeletal in-
volvement, rare forms of arthritis, hereditary 
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connective tissue disorders, fibrodysplasia ossifi-
cans progressiva, and various skeletal dysplasias. 
Many of these conditions are caused by mutations 
affecting bone formation, cartilage development, 
muscle function, extracellular matrix organiza-
tion, or cellular signaling pathways. 
The musculoskeletal system is highly complex 
because it depends on coordinated interactions be-
tween multiple tissues. Bone growth requires pre-
cise regulation of mineralization, vascular devel-
opment, and remodeling processes. Muscle func-
tion depends on communication between nerves 
and muscle fibers. Cartilage maintenance requires 
specialized extracellular structures and biochem-
ical pathways. Disruption of any of these processes 
can lead to rare diseases with diverse clinical 
manifestations. 
Diagnosis of rare orthopedic and musculoskel-
etal diseases is often challenging. Many patients 
experience years of uncertainty before receiving a 
correct diagnosis. Symptoms such as pain, weak-
ness, joint stiffness, abnormal growth, fractures, 
or mobility limitations can occur in many differ-
ent conditions. Because rare diseases are not fre-
quently encountered in general clinical practice, 
healthcare providers may not immediately recog-
nize them. 
Traditional diagnostic approaches include phys-
ical examination, medical imaging, laboratory 
testing, muscle or bone biopsy, and genetic ana-
lysis. Radiography, computed tomography, mag-
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netic resonance imaging, and bone density meas-
urements provide important information about 
structural abnormalities. However, interpreting 
complex imaging findings in rare disorders often 
requires specialized expertise. 
Genetic testing has become increasingly import-
ant in diagnosing rare orthopedic and muscu-
loskeletal diseases. Advances in next generation 
sequencing have enabled researchers to identify 
many disease causing mutations. However, inter-
preting genetic results remains difficult because 
many patients carry genetic variants whose sig-
nificance is unclear. Connecting a specific mu-
tation to clinical symptoms requires integration 
of genomic information with imaging, biological 
data, and patient history. 
Treatment options for many rare musculoskel-
etal diseases remain limited. Current management 
often focuses on reducing symptoms, preventing 
complications, improving mobility, and maintain-
ing quality of life. Treatments may include phys-
ical therapy, orthopedic surgery, assistive devices, 
enzyme replacement therapy, anti inflammatory 
medications, or supportive care. However, many 
therapies do not address the underlying cause of 
disease. 
The development of orphan drugs for rare ortho-
pedic and musculoskeletal diseases faces signifi-
cant challenges. Small patient populations make 
traditional clinical trials difficult to conduct. 
Limited understanding of disease mechanisms 
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can slow identification of therapeutic targets. Fur-
thermore, pharmaceutical development requires 
substantial investment, which may be difficult to 
justify for conditions affecting relatively few indi-
viduals. 
Artificial intelligence has emerged as a powerful 
technology capable of transforming the diagnosis 
and treatment development process for rare mus-
culoskeletal diseases. AI systems can analyze large 
amounts of medical imaging, genomic informa-
tion, electronic health records, and molecular data 
to identify patterns that may not be easily de-
tected by traditional methods. 
In orthopedic and musculoskeletal medicine, AI 
has already shown applications in image analysis, 
fracture detection, surgical planning, rehabili-
tation monitoring, and disease prediction. For 
rare diseases, AI offers additional opportunities 
by combining limited information from multiple 
sources and identifying relationships between 
genetic causes, clinical features, and disease pro-
gression. 
AI is also accelerating orphan drug discovery by 
improving target identification, drug repurposing, 
molecular design, biomarker discovery, and clin-
ical trial optimization. These technologies may 
help overcome some of the historical barriers that 
have slowed the development of treatments for 
rare orthopedic and musculoskeletal disorders. 
The integration of AI with precision medicine, ge-
nomics, regenerative medicine, and biotechnology 

ROLE OF ARTIFICIAL INTELLIGENCE IN RARE DISEASE D...

139



represents a major advancement in rare disease 
research. By understanding diseases at molecular 
and individual levels, AI may enable earlier diag-
nosis, personalized treatment strategies, and de-
velopment of therapies that target the underlying 
causes of disease. 

Artificial Intelligence In Rare 
Orthopedic And Musculoskeletal 

Disease Diagnosis 
Accurate diagnosis is essential for effective man-
agement of rare orthopedic and musculoskeletal 
diseases. AI is increasingly being used to improve 
diagnostic accuracy by analyzing medical images, 
genetic information, clinical records, and bio-
logical data. These technologies can support clin-
icians by identifying patterns associated with spe-
cific disorders. 
Medical imaging is one of the most important 
areas of AI application in musculoskeletal medi-
cine. X rays, computed tomography scans, mag-
netic resonance imaging, and three dimensional 
imaging provide detailed information about 
bones, joints, and soft tissues. However, rare dis-
eases often produce subtle or complex imaging 
features that may be difficult to interpret. 
Deep learning algorithms can analyze medical 
images and detect abnormalities related to rare 
musculoskeletal conditions. These systems can 
identify changes in bone shape, density, growth 
patterns, joint structure, and tissue characteris-
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tics. By comparing patient images with large data-
bases of confirmed cases, AI can assist clinicians in 
recognizing uncommon disorders. 
For skeletal dysplasias, AI based imaging analysis 
may provide significant benefits. These conditions 
involve abnormal bone growth and development, 
often resulting from genetic mutations affecting 
cartilage or bone formation. Diagnosis typically 
requires careful assessment of skeletal measure-
ments and growth patterns. AI can automate these 
measurements and compare findings with estab-
lished disease patterns. 
In rare bone disorders such as osteogenesis imper-
fecta, AI can analyze imaging data to identify pat-
terns associated with abnormal bone fragility. The 
technology may assist clinicians in recognizing 
disease characteristics earlier and distinguishing 
them from other causes of recurrent fractures. 
AI also has applications in muscle disease diag-
nosis. Rare genetic muscle disorders often present 
with progressive weakness and mobility prob-
lems. Magnetic resonance imaging can reveal pat-
terns of muscle involvement, but interpretation 
requires specialized expertise. AI algorithms can 
analyze muscle images to identify disease specific 
patterns and estimate progression. 
For rare inflammatory musculoskeletal diseases, 
AI can integrate imaging findings with laboratory 
results and clinical symptoms. Conditions affect-
ing joints and connective tissues often involve 
complex inflammatory processes. AI models may 
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help classify disease subtypes and predict treat-
ment responses. 
Digital pathology is another area where AI can 
contribute to diagnosis. Some rare musculoskel-
etal diseases require analysis of tissue samples 
from bone, muscle, or connective tissue. AI sys-
tems can examine microscopic images to identify 
cellular abnormalities and structural changes. 
AI is also transforming genetic diagnosis. Many 
rare orthopedic and musculoskeletal diseases re-
sult from mutations affecting structural proteins, 
signaling molecules, enzymes, or developmental 
pathways. Identifying these mutations can pro-
vide critical information about disease mechan-
isms and inheritance patterns. 
Machine learning models can analyze genetic se-
quences and predict the potential impact of spe-
cific variants. These algorithms evaluate factors 
such as gene function, protein structure, evolu-
tionary conservation, and previous clinical evi-
dence. This can help genetic specialists prioritize 
the most relevant findings. 
Combining genetic information with imaging 
data represents a particularly promising approach. 
A patient’s skeletal features may suggest a disease 
category, while genetic analysis identifies the mo-
lecular cause. Multimodal AI systems can integrate 
these sources to improve diagnostic accuracy. 
Electronic health records provide another valuable 
resource for AI based diagnosis. Medical records 
contain information about symptoms, previous 

DR. MEISAM SARGAZI

142

diagnoses, laboratory results, imaging studies, 
and treatments. AI can analyze these data to iden-
tify patients who may have undiagnosed rare mus-
culoskeletal diseases. 
For example, an AI system may recognize a pattern 
involving repeated fractures, abnormal bone dens-
ity measurements, short stature, and family his-
tory that suggests an inherited skeletal disorder. 
Earlier recognition can lead to genetic evaluation 
and appropriate specialist care. 
AI can also support remote diagnosis and tele-
medicine. Many rare orthopedic disorders require 
evaluation by specialized experts who may be lo-
cated far from patients. AI based systems can ana-
lyze imaging and clinical information before spe-
cialist consultation, improving access to expert as-
sessment. 
Despite these advantages, AI diagnosis for rare 
musculoskeletal diseases faces several challenges. 
The limited number of patients with each condi-
tion makes it difficult to create large training da-
tasets. AI models require extensive validation to 
ensure they perform accurately across different 
populations. 
Variability in disease presentation is another chal-
lenge. Patients with the same genetic disorder may 
experience different levels of severity depending 
on age, environment, additional genetic factors, 
and treatment history. AI systems must account 
for this variability. 
Standardization of medical data is also essen-
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tial. Imaging methods, genetic testing techniques, 
and clinical documentation may differ between 
healthcare centers. Consistent data collection is 
necessary for developing reliable AI systems. 

Artificial Intelligence In Orphan 
Drug Discovery For Rare Orthopedic 

And Musculoskeletal Diseases 
The development of orphan drugs for rare ortho-
pedic and musculoskeletal diseases requires in-
novative approaches because conventional drug 
development methods are often inefficient for 
small patient populations. AI is transforming this 
process by improving understanding of disease 
mechanisms, identifying therapeutic targets, and 
accelerating treatment development. 
A major contribution of AI is the discovery of dis-
ease related molecular pathways. Many rare mus-
culoskeletal disorders are caused by genetic mu-
tations that disrupt biological processes involved 
in bone formation, muscle function, or connective 
tissue maintenance. Understanding these path-
ways is essential for designing effective therapies. 
AI can analyze large biological datasets, including 
genomic, transcriptomic, proteomic, and clinical 
information. These analyses can identify rela-
tionships between molecular abnormalities and 
disease progression. By discovering important bio-
logical pathways, AI can highlight potential tar-
gets for drug development. 
For example, in genetic bone disorders, AI can 

DR. MEISAM SARGAZI

144

analyze how mutations affect proteins involved in 
bone growth and remodeling. This information 
can guide researchers toward therapies that re-
store normal cellular function or reduce harmful 
biological effects. 
Drug repurposing is another important applica-
tion of AI. Existing drugs with established safety 
profiles may have potential benefits for rare mus-
culoskeletal diseases. AI algorithms can compare 
drug properties with disease mechanisms to iden-
tify possible therapeutic applications. 
This strategy can reduce development time and 
costs because researchers can begin with com-
pounds that have already undergone safety test-
ing. For rare diseases with limited treatment op-
tions, drug repurposing provides an efficient path-
way toward potential therapies. 
AI also improves virtual screening of drug can-
didates. Traditional approaches require testing 
many compounds experimentally. AI models can 
predict how molecules interact with disease re-
lated targets and identify the most promising can-
didates for laboratory testing. 
Generative AI technologies are creating new op-
portunities in therapeutic design. These systems 
can generate novel molecules with specific prop-
erties, including improved target binding, stabil-
ity, and safety. For rare musculoskeletal diseases 
caused by specific molecular abnormalities, AI de-
signed drugs may provide more precise treatment 
options. 
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Biomarker discovery is another important appli-
cation. Biomarkers can help diagnose disease, pre-
dict progression, and measure treatment effect-
iveness. Rare musculoskeletal diseases often lack 
reliable biomarkers, making clinical trials more 
difficult. 
AI can analyze molecular and clinical datasets to 
identify biomarkers associated with disease activ-
ity or treatment response. These discoveries can 
improve patient selection for clinical trials and 
support personalized treatment strategies. 
AI can also improve clinical trial design. Recruit-
ing patients with rare diseases is often difficult 
because eligible individuals are geographically dis-
persed. AI can analyze patient registries, medical 
records, and genetic databases to identify poten-
tial participants. 
In addition, AI can help determine appropriate 
trial endpoints, predict treatment responses, and 
identify patient groups most likely to benefit from 
specific therapies. These improvements may in-
crease the efficiency of orphan drug development. 
Personalized medicine is one of the most promis-
ing applications of AI in rare orthopedic and mus-
culoskeletal diseases. Because patients with the 
same diagnosis may have different disease mech-
anisms and treatment responses, individualized 
approaches are needed. 
AI can integrate genetic data, imaging findings, 
clinical history, and treatment outcomes to recom-
mend personalized strategies. This may allow clin-
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icians to select therapies based on the biological 
characteristics of each patient. 

Challenges And Ethical 
Considerations 

Although AI provides significant opportunities, 
several challenges must be addressed before wide-
spread implementation. Limited data availability 
remains one of the greatest barriers. Rare diseases 
often lack sufficient numbers of documented cases 
for training advanced AI models. 
International collaboration, patient registries, and 
secure data sharing networks will be essential for 
overcoming these limitations. Combining infor-
mation from multiple healthcare centers can im-
prove AI performance while maintaining patient 
privacy. 
Data quality is another concern. Medical records 
may contain missing information, inconsistent 
terminology, or differences in diagnostic methods. 
High quality standardized datasets are necessary 
for reliable AI development. 
Bias must also be considered. AI systems trained 
on limited populations may perform less accur-
ately for individuals with different genetic back-
grounds or healthcare conditions. Diverse datasets 
are essential to ensure fairness. 
Explainability is important for clinical adoption. 
Healthcare professionals need to understand why 
AI systems produce specific recommendations. 
Transparent AI models can increase confidence 
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and support better decision making. 
Privacy protection is essential because genetic and 
health information are highly sensitive. Strong 
security measures and ethical guidelines are re-
quired to protect patients. 
AI should enhance rather than replace clinical 
expertise. Orthopedic and musculoskeletal care in-
volves complex decisions that require understand-
ing patient goals, functional needs, and individual 
circumstances. 

Future Perspectives 
The future of AI in rare orthopedic and muscu-
loskeletal disease diagnosis and orphan drug dis-
covery is likely to involve integrated platforms 
combining imaging, genomics, molecular biology, 
and clinical information. 
AI based precision medicine may allow diseases to 
be classified according to biological mechanisms 
rather than only symptoms. This could improve 
treatment selection and accelerate development of 
targeted therapies. 
The combination of AI with regenerative medi-
cine, tissue engineering, and gene therapies offers 
additional opportunities. AI can help identify 
therapeutic targets, optimize biological materials, 
and predict treatment outcomes. 
AI supported remote healthcare may improve ac-
cess to specialized care for patients with rare 
musculoskeletal disorders. Automated image ana-
lysis and clinical decision support tools may help 
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connect patients with expert resources more effi-
ciently. 
Collaboration among patients, clinicians, re-
searchers, and technology developers will be 
essential. Rare disease communities provide valu-
able knowledge and participation that can im-
prove research quality and ensure that new tech-
nologies address real patient needs. 

Conclusion 
Artificial intelligence is transforming the diagno-
sis and orphan drug discovery landscape for rare 
orthopedic and musculoskeletal diseases. These 
disorders have historically faced challenges in-
cluding delayed diagnosis, limited research data, 
and insufficient treatment options. AI provides 
new approaches for understanding disease mech-
anisms and improving patient care. 
In diagnosis, AI enhances interpretation of med-
ical imaging, genetic information, pathology find-
ings, and clinical records. These technologies may 
reduce diagnostic delays and enable earlier inter-
ventions. 
In orphan drug discovery, AI accelerates target 
identification, drug repurposing, molecular de-
sign, biomarker discovery, and clinical trial opti-
mization. These advances may lead to therapies 
that address the underlying causes of rare muscu-
loskeletal diseases. 
Responsible development of AI requires careful at-
tention to data quality, privacy, transparency, and 
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accessibility. When combined with human expert-
ise, AI has the potential to create a new era of 
precision medicine for rare orthopedic and mus-
culoskeletal disorders. 
Through continued innovation and collaboration, 
artificial intelligence may help patients with 
rare musculoskeletal diseases achieve earlier diag-
noses, improved treatments, and better long term 
outcomes.
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9. AI IN DIAGNOSIS AND ORPHAN 
DRUG DISCOVERY FOR RARE 

OPHTHALMIC DISEASES 

Background 
Rare ophthalmic diseases represent a diverse 
group of disorders that affect the eyes and visual 
system, often resulting in progressive vision im-
pairment, blindness, or significant reductions in 
quality of life. Although each individual condition 
may affect a limited number of people, collectively 
rare eye diseases represent a major global health 
challenge. These disorders include inherited ret-
inal diseases, rare corneal disorders, genetic optic 
nerve diseases, congenital eye abnormalities, rare 
ocular inflammatory conditions, and uncommon 
ocular tumors. Many of these diseases begin early 
in life and can cause lifelong visual disability. 
The human eye is a highly specialized organ that 
depends on precise interactions between mul-
tiple biological structures, including the cornea, 
lens, retina, optic nerve, retinal pigment epi-
thelium, blood vessels, and supporting tissues. 
Vision requires coordinated communication be-
tween photoreceptor cells, neural pathways, and 
the brain. Because of this complexity, even small 
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genetic or molecular disruptions can lead to severe 
ophthalmic disease. 
Many rare ophthalmic diseases are caused by 
genetic mutations affecting proteins involved in 
retinal development, phototransduction, cellular 
metabolism, immune regulation, or tissue main-
tenance. Examples include inherited retinal dys-
trophies such as retinitis pigmentosa, Leber con-
genital amaurosis, Stargardt disease, rare corneal 
dystrophies, inherited optic neuropathies, and 
congenital glaucoma syndromes. Other rare eye 
disorders may result from autoimmune mechan-
isms, abnormal vascular development, or defects 
in ocular growth. 
Diagnosis of rare ophthalmic diseases is often 
challenging because early symptoms may be 
subtle and overlap with more common eye con-
ditions. Patients may experience blurred vision, 
difficulty seeing in low light, progressive visual 
field loss, abnormal eye movements, or delayed 
visual development. Because these symptoms can 
have many possible causes, patients may undergo 
years of evaluations before receiving an accurate 
diagnosis. 
Traditional diagnostic approaches include oph-
thalmic examination, visual acuity testing, retinal 
imaging, optical coherence tomography, fundus 
photography, electrophysiological testing, gen-
etic analysis, and laboratory evaluation. These 
methods have significantly improved the ability 
to identify eye diseases, but rare disorders remain 
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difficult to diagnose due to their complexity and 
limited clinical recognition. 
Genetic testing has become increasingly im-
portant in rare ophthalmic disease diagnosis. 
Advances in next generation sequencing have 
enabled identification of hundreds of genes as-
sociated with inherited eye disorders. However, 
interpreting genetic findings remains challenging 
because many variants have uncertain clinical sig-
nificance. Determining whether a specific genetic 
change explains a patient’s disease requires inte-
gration of molecular data with clinical findings, 
imaging results, and family history. 
The development of treatments for rare ophthal-
mic diseases has also been challenging. Many 
conditions lack effective therapies because their 
biological mechanisms are not fully understood. 
In addition, small patient populations make trad-
itional clinical trials difficult to conduct. Phar-
maceutical companies may face financial and sci-
entific barriers when developing treatments for 
diseases affecting relatively few individuals. The 
emergence of artificial intelligence has created 
new opportunities to overcome these challenges. 
AI systems can analyze large amounts of ophthal-
mic images, genomic data, electronic health rec-
ords, and molecular information to identify pat-
terns associated with disease. In ophthalmology, 
AI has already demonstrated significant poten-
tial in retinal imaging analysis, disease prediction, 
screening programs, and personalized treatment 
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planning. 
For rare ophthalmic diseases, AI provides add-
itional advantages because it can combine infor-
mation from multiple sources and identify re-
lationships that may not be obvious through 
conventional approaches. AI can support earlier 
diagnosis, improve disease classification, identify 
therapeutic targets, and accelerate orphan drug 
development. 
Orphan drug discovery refers to the development 
of therapies designed specifically for rare diseases. 
In ophthalmology, orphan drug development has 
become increasingly important due to advances 
in gene therapy, cell therapy, molecular medicine, 
and targeted treatments. AI is helping researchers 
identify new therapeutic opportunities and opti-
mize the development process. 
The integration of AI with genomics, preci-
sion medicine, imaging technologies, and biotech-
nology represents a new era in rare ophthalmic 
disease research. These approaches may transform 
how rare eye disorders are diagnosed and treated, 
allowing patients to receive earlier interventions 
and more personalized therapies. 

Artificial Intelligence In Rare 
Ophthalmic Disease Diagnosis 

AI has become an important tool in improving the 
diagnosis of rare ophthalmic diseases. Because eye 
diseases often produce measurable changes in im-
ages and biological signals, ophthalmology is par-
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ticularly suitable for AI based analysis. Machine 
learning algorithms can examine complex pat-
terns in retinal images, genetic information, and 
clinical records to support diagnosis. 
Medical imaging is one of the most advanced appli-
cations of AI in ophthalmology. Techniques such 
as optical coherence tomography, fundus photog-
raphy, adaptive optics imaging, and fluorescein 
angiography generate detailed information about 
ocular structures. However, interpreting these im-
ages requires specialized knowledge, and subtle 
abnormalities may be difficult to detect. 
Deep learning algorithms can analyze ophthalmic 
images and identify patterns associated with dis-
ease. These systems can detect changes in retinal 
thickness, blood vessel structure, photoreceptor 
organization, and optic nerve appearance. For rare 
retinal diseases, AI may recognize characteristic 
patterns that help distinguish one disorder from 
another. Inherited retinal diseases are among the 
most promising areas for AI application. These 
conditions involve progressive degeneration of 
retinal cells and often have complex genetic 
causes. AI can analyze retinal images together 
with genetic information to improve classification 
and diagnosis. 
For example, patients with different inherited ret-
inal disorders may show overlapping symptoms 
but distinct imaging characteristics. AI models 
can compare retinal scans with large databases of 
confirmed cases and identify patterns associated 
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with specific genetic conditions. 
Optical coherence tomography is particularly 
valuable because it provides detailed cross sec-
tional images of retinal layers. AI systems can 
analyze these images to detect abnormalities in 
photoreceptor layers, retinal thickness, and struc-
tural organization. This may assist in identifying 
rare retinal diseases at earlier stages. 
AI can also support analysis of fundus photo-
graphs. These images reveal important informa-
tion about the retina, optic nerve, and blood ves-
sels. In rare ophthalmic diseases, AI can identify 
unusual features that may suggest a specific diag-
nosis or indicate the need for genetic evaluation. 
Another important application is genetic diagno-
sis. Many rare eye diseases are caused by mu-
tations in genes responsible for retinal function, 
ocular development, or cellular maintenance. AI 
algorithms can analyze genetic sequencing data to 
predict which variants are most likely to cause dis-
ease. 
Machine learning models evaluate genetic infor-
mation by considering gene function, protein 
effects, evolutionary patterns, population fre-
quency, and previous disease associations. This 
helps genetic specialists prioritize important vari-
ants and improve diagnostic accuracy. 
Combining imaging and genetic data is a major ad-
vancement in rare ophthalmic diagnosis. A retinal 
image may reveal disease characteristics, while 
genetic analysis identifies the molecular cause. 
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Multimodal AI systems can integrate these sources 
of information and provide more accurate diag-
nostic predictions. AI can also analyze electronic 
health records to identify patients with possible 
rare eye diseases. Healthcare records contain in-
formation about symptoms, eye examinations, 
medications, imaging results, and family history. 
AI can detect patterns suggesting an undiagnosed 
condition. 
For example, an AI system may recognize repeated 
ophthalmology visits, unexplained visual decline, 
abnormal imaging findings, and family history 
of vision problems as indicators of a possible in-
herited eye disorder. This could lead to earlier re-
ferral for specialized testing. 
AI is also improving teleophthalmology. Many pa-
tients with rare ophthalmic diseases live far from 
specialized eye centers. AI based diagnostic tools 
can analyze retinal images collected in local clinics 
or remote settings and assist specialists in evaluat-
ing patients. 
This approach may improve access to expert 
care and reduce geographic barriers. AI supported 
teleophthalmology could be especially valuable in 
regions where ophthalmic specialists are limited. 
Despite these advantages, AI diagnosis for rare 
ophthalmic diseases faces several challenges. A 
major limitation is the availability of sufficient 
training data. Rare diseases often have small num-
bers of documented cases, making it difficult to 
create large datasets. Another challenge is disease 
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variability. Patients with the same genetic mu-
tation may experience different disease severity, 
progression rates, and clinical features. AI systems 
must be capable of recognizing diverse presenta-
tions. Image quality and standardization are also 
important concerns. Ophthalmic images may vary 
depending on equipment, imaging protocols, and 
healthcare settings. AI models must be validated 
across different environments to ensure reliability. 
Privacy is another important issue. Ophthalmic 
images and genetic data contain sensitive personal 
information. Strong data protection measures are 
necessary to maintain patient confidentiality. 

Artificial Intelligence In Orphan 
Drug Discovery For Rare 

Ophthalmic Diseases 
The development of orphan drugs for rare oph-
thalmic diseases has accelerated in recent years 
due to advances in molecular biology and biotech-
nology. However, significant challenges remain, 
including limited patient populations, complex 
disease mechanisms, and difficulties in clinical 
trial design. AI is helping address these chal-
lenges by improving drug discovery and develop-
ment processes. One major contribution of AI is 
the identification of therapeutic targets. Rare eye 
diseases often result from specific genetic or mo-
lecular abnormalities. Understanding these mech-
anisms is essential for developing treatments that 
address the underlying cause of disease. 
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AI can analyze genomic, transcriptomic, pro-
teomic, and clinical datasets to identify rela-
tionships between molecular changes and disease 
outcomes. These analyses can reveal important 
pathways involved in retinal degeneration, ocular 
development, or immune regulation. 
For inherited retinal diseases, AI can help re-
searchers understand how genetic mutations dis-
rupt cellular processes. This information may 
guide the development of gene therapies, molecu-
lar treatments, or targeted drugs. 
Drug repurposing is another important applica-
tion of AI in orphan drug discovery. Existing medi-
cations with known safety profiles may have po-
tential therapeutic effects in rare ophthalmic dis-
eases. AI algorithms can analyze drug databases 
and biological information to identify possible 
new uses. 
Drug repurposing can reduce the time and cost 
required for development because many safety 
studies have already been completed. This ap-
proach is especially valuable for rare diseases 
where rapid development of treatments is needed. 
AI also improves virtual screening of drug candi-
dates. Traditional drug discovery requires testing 
many compounds in laboratory experiments. AI 
models can predict how molecules interact with 
disease related targets and identify promising can-
didates. 
Generative AI technologies are expanding oppor-
tunities for creating new therapies. These systems 

DR. MEISAM SARGAZI

160

can design molecules with desired properties, in-
cluding improved effectiveness and reduced tox-
icity. For rare ophthalmic diseases caused by spe-
cific molecular defects, AI designed therapies may 
provide highly targeted solutions. 
AI can support the development of gene therapies 
as well. Many rare eye diseases are caused by sin-
gle gene mutations, making them potential candi-
dates for genetic correction. AI can help identify 
suitable genetic targets, predict treatment out-
comes, and optimize therapeutic strategies. 
Biomarker discovery is another important appli-
cation. Biomarkers can help researchers meas-
ure disease progression and determine whether 
treatments are effective. Rare ophthalmic dis-
eases often require sensitive biomarkers because 
changes in vision may occur slowly. 
AI can analyze imaging data, molecular profiles, 
and clinical outcomes to identify biomarkers as-
sociated with disease activity. These biomarkers 
can improve clinical trial design and treatment 
evaluation. Clinical trial optimization is also a 
major benefit of AI. Recruiting participants for 
rare disease trials is difficult because eligible pa-
tients are limited and geographically dispersed. AI 
can analyze patient registries and medical records 
to identify potential trial participants. 
AI can also predict treatment responses and 
help researchers select appropriate trial endpoints. 
This may make orphan drug development more 
efficient and increase the likelihood of successful 
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therapies. Personalized medicine represents one of 
the greatest opportunities created by AI. Rare oph-
thalmic diseases often vary significantly between 
patients, even when caused by similar genetic mu-
tations. AI can integrate genetic information, im-
aging results, and clinical history to recommend 
individualized treatment approaches. 

Challenges And Ethical 
Considerations 

Despite the potential of AI in rare ophthalmic 
diseases, several challenges must be addressed. 
Limited data availability remains one of the great-
est barriers. Rare conditions often lack sufficient 
patient numbers for training advanced AI systems. 
International collaboration and secure data shar-
ing will be essential for creating larger datasets. 
Patient registries and research networks can pro-
vide valuable information while maintaining priv-
acy protections. Data quality is another import-
ant consideration. Differences in imaging equip-
ment, clinical documentation, and genetic testing 
methods can affect AI performance. Standardized 
data collection is necessary for reliable results. 
Bias must also be carefully managed. AI systems 
trained on limited populations may perform less 
accurately for individuals from different ethnic, 
genetic, or demographic backgrounds. Diverse da-
tasets are essential for ensuring fairness. 
Explainability is important for clinical acceptance. 
Healthcare professionals need to understand how 
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AI systems reach their conclusions. Transparent 
AI approaches can increase confidence and sup-
port responsible use. 
Privacy protection is critical because genetic and 
ophthalmic data are highly sensitive. Strong se-
curity systems and ethical guidelines are required 
to protect patient information. 
AI should complement rather than replace oph-
thalmologists and researchers. Clinical expertise 
remains essential for interpreting results, under-
standing patient needs, and making treatment de-
cisions. 

Future Perspectives 
The future of AI in rare ophthalmic disease diag-
nosis and orphan drug discovery is likely to in-
volve increasingly integrated systems combining 
imaging, genomics, molecular biology, and clinical 
information. AI based precision ophthalmology 
may allow diseases to be classified according to 
biological mechanisms rather than only clinical 
appearance. This could improve treatment selec-
tion and accelerate development of targeted ther-
apies. 
The combination of AI with gene therapy, stem 
cell technology, and regenerative medicine offers 
significant opportunities. AI can help identify 
therapeutic targets, optimize treatment design, 
and predict patient responses. AI supported re-
mote eye care may improve access to special-
ized services for patients with rare disorders. 
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Automated image analysis and digital consult-
ation platforms may reduce delays in diagno-
sis and treatment. Collaboration among patients, 
clinicians, researchers, technology developers, and 
regulatory organizations will be essential. Rare 
disease communities provide valuable knowledge 
that can guide research priorities and improve 
therapeutic development. 

Conclusion 
Artificial intelligence is transforming the diag-
nosis and orphan drug discovery landscape for 
rare ophthalmic diseases. These disorders have 
historically been associated with delayed diagno-
sis, limited treatment options, and significant re-
search challenges. AI provides new methods for 
analyzing complex clinical, imaging, genetic, and 
molecular information. 
In diagnosis, AI improves the interpretation of 
retinal images, genetic data, pathology findings, 
and clinical records. These technologies may allow 
earlier recognition of rare eye diseases and more 
accurate disease classification. In orphan drug dis-
covery, AI accelerates target identification, drug 
repurposing, molecular design, biomarker discov-
ery, and clinical trial optimization. These advances 
may lead to new treatments for patients who pre-
viously had limited therapeutic options. 
Responsible implementation of AI requires atten-
tion to data quality, privacy, fairness, and clinical 
validation. When combined with human expert-
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ise, AI has the potential to create a new era of 
precision medicine for rare ophthalmic diseases. 
Through continued innovation and collaboration, 
artificial intelligence may help preserve vision, 
improve patient outcomes, and accelerate the de-
velopment of effective therapies for rare eye dis-
orders. 
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10. AI IN DIAGNOSIS AND 
ORPHAN DRUG DISCOVERY 
FOR OTHER RARE DISEASES 

AI in Diagnosis and Orphan 
Drug Discovery for Rare 
Autoimmune Diseases 

Background 
Rare autoimmune diseases represent a diverse and 
complex group of disorders in which the im-
mune system mistakenly attacks the body’s own 
tissues and organs. Although each individual auto-
immune disease may affect a relatively small num-
ber of patients, collectively these conditions create 
a significant global healthcare burden. Rare auto-
immune diseases can affect nearly every organ 
system, including the skin, joints, nervous sys-
tem, kidneys, lungs, gastrointestinal tract, blood 
vessels, muscles, and connective tissues. Because 
of their complexity and variability, these diseases 
often present major challenges in diagnosis, treat-
ment, and drug development. 
The immune system normally protects the body 
from infections and abnormal cells by distinguish-
ing between foreign substances and healthy tis-
sues. In autoimmune diseases, this regulatory pro-
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cess becomes disrupted, leading to inappropriate 
immune activation. The resulting inflammation 
and tissue damage can cause chronic symptoms, 
organ dysfunction, and progressive disease. Rare 
autoimmune diseases often involve highly specific 
immune pathways, unusual antibody responses, 
or genetic factors that distinguish them from 
more common autoimmune conditions. 
Examples of rare autoimmune diseases in-
clude systemic sclerosis, autoimmune encephal-
itis, autoimmune blistering diseases, rare forms of 
vasculitis, autoimmune myopathies, autoimmune 
neurological disorders, autoimmune kidney dis-
eases, and uncommon connective tissue diseases. 
Some conditions involve a single organ, while 
others produce widespread systemic effects. Many 
rare autoimmune diseases have complex inter-
actions between genetic susceptibility, environ-
mental triggers, immune regulation, and cellular 
signaling pathways. 
Diagnosis of rare autoimmune diseases is often 
difficult and delayed. Patients may experience 
symptoms such as fatigue, pain, weakness, inflam-
mation, neurological changes, skin abnormalities, 
or organ dysfunction. These symptoms frequently 
overlap with common diseases, infections, or 
other inflammatory conditions. As a result, many 
patients undergo extensive testing and consult-
ations before receiving an accurate diagnosis. 
Traditional diagnostic approaches rely on clinical 
evaluation, laboratory testing, imaging, tissue bi-
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opsy, antibody detection, and genetic analysis. Au-
toantibody testing has become an important tool 
in identifying specific autoimmune diseases, but 
interpretation can be challenging because some 
antibodies may appear in multiple conditions 
or in individuals without disease. Additionally, 
many rare autoimmune diseases do not have re-
liable diagnostic biomarkers. Genetic analysis has 
expanded understanding of autoimmune disease 
mechanisms. Certain rare autoimmune disorders 
are associated with mutations affecting immune 
regulation, inflammatory pathways, or immune 
cell development. However, interpreting gen-
etic information remains complex because auto-
immune diseases often involve multiple genes and 
interactions between genetic and environmental 
factors. 
Treatment of rare autoimmune diseases has 
traditionally focused on controlling immune ac-
tivity and reducing inflammation. Therapies 
may include corticosteroids, immunosuppressive 
medications, biologic agents, antibody based treat-
ments, and supportive care. Although these ap-
proaches can improve symptoms, many patients 
experience incomplete responses, treatment re-
lated complications, or disease progression. The 
development of orphan drugs for rare auto-
immune diseases faces several challenges. Small 
patient populations make clinical trials difficult 
to organize. Disease mechanisms may be poorly 
understood, limiting the identification of thera-
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peutic targets. In addition, the diversity of auto-
immune conditions means that treatments effect-
ive for one disease subtype may not work for an-
other. 
Artificial intelligence has emerged as a transform-
ative technology capable of addressing many of 
these challenges. AI systems can analyze large 
amounts of clinical, genomic, immunological, 
and molecular data to identify patterns associ-
ated with disease development and treatment re-
sponse. These capabilities are particularly valuable 
for rare autoimmune diseases because they in-
volve complex biological interactions that are diffi-
cult to study using traditional methods. 
In diagnosis, AI can improve disease recognition 
by integrating symptoms, laboratory findings, im-
aging results, and immune profiles. Machine learn-
ing algorithms can identify relationships between 
different data types and support clinicians in mak-
ing more accurate diagnoses. 
In orphan drug discovery, AI can accelerate the 
identification of immune pathways involved in 
disease, discover potential therapeutic targets, 
predict drug interactions, and optimize clinical 
trials. These technologies may reduce the time and 
cost required to develop treatments for rare auto-
immune conditions. The combination of AI with 
precision medicine, immunology, genomics, and 
biotechnology represents a new approach to rare 
autoimmune disease research. By understanding 
individual disease mechanisms and patient char-
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acteristics, AI may enable earlier diagnosis, per-
sonalized therapies, and improved outcomes. 

Artificial Intelligence In Rare 
Autoimmune Disease Diagnosis 

AI is increasingly being applied to improve the 
diagnosis of rare autoimmune diseases. These con-
ditions often involve complex combinations of 
clinical symptoms, immune abnormalities, gen-
etic factors, and environmental influences. AI 
can analyze these diverse datasets simultaneously, 
helping clinicians recognize patterns that may 
be difficult to identify through conventional ap-
proaches. 
One of the most important applications of AI 
is clinical pattern recognition. Rare autoimmune 
diseases often have distinctive combinations of 
symptoms, but individual features may not be 
sufficient for diagnosis. Machine learning algo-
rithms can analyze large collections of patient 
records and identify symptom combinations as-
sociated with specific diseases. For example, an 
AI system may recognize that a combination of 
unusual neurological symptoms, specific antibody 
patterns, and imaging findings is consistent with 
autoimmune encephalitis. Similarly, patterns in-
volving skin changes, vascular abnormalities, and 
immune markers may suggest systemic sclerosis. 
Electronic health records provide valuable infor-
mation for AI based diagnostic systems. These rec-
ords include patient histories, laboratory results, 
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medications, imaging findings, and clinical out-
comes. AI can analyze this information to identify 
patients who may have undiagnosed autoimmune 
conditions. 
Early identification is especially important in rare 
autoimmune diseases because delayed treatment 
may lead to irreversible organ damage. AI systems 
may help reduce diagnostic delays by alerting clin-
icians to possible rare conditions earlier in the dis-
ease process. 
Laboratory data analysis is another important 
application. Autoimmune diseases often involve 
complex patterns of antibodies, inflammatory 
markers, immune cell changes, and biochemical 
abnormalities. AI algorithms can analyze these 
patterns to improve disease classification. 
Traditional laboratory interpretation often fo-
cuses on individual test results. AI can evaluate 
combinations of multiple markers and identify 
relationships that may indicate specific auto-
immune mechanisms. This approach may im-
prove diagnostic accuracy when individual tests 
provide incomplete information. 
AI is also contributing to autoimmune biomarker 
discovery. Many rare autoimmune diseases lack 
reliable markers for early detection or disease 
monitoring. Machine learning models can analyze 
large molecular datasets to identify potential bio-
markers associated with disease activity or treat-
ment response. Genomic and immunological data 
analysis represents another promising area. Rare 
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autoimmune diseases may result from genetic 
mutations affecting immune regulation. AI can 
analyze genomic sequences and identify variants 
associated with abnormal immune function. 
Machine learning algorithms can evaluate gene 
function, protein interactions, immune pathways, 
and clinical data to determine whether specific 
genetic changes are likely to contribute to disease. 
This may improve diagnosis of rare inherited auto-
immune disorders. 
Imaging analysis is also becoming increasingly 
important. Many autoimmune diseases affect or-
gans and tissues in ways that can be visualized 
through medical imaging. AI systems can analyze 
magnetic resonance imaging, computed tomog-
raphy, ultrasound, and other imaging methods to 
identify disease related changes. 
For autoimmune neurological diseases, AI can 
analyze brain imaging patterns and combine them 
with clinical information to support diagnosis. For 
autoimmune inflammatory diseases affecting or-
gans such as the lungs or kidneys, AI can identify 
structural changes associated with disease pro-
gression. 
Digital pathology provides another opportunity 
for AI applications. Tissue biopsy remains import-
ant for diagnosing some autoimmune diseases. 
However, interpretation requires specialized ex-
pertise and may vary between observers. AI based 
pathology systems can analyze tissue samples and 
identify patterns of inflammation, immune cell 
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infiltration, tissue damage, and disease specific 
features. These systems may improve consistency 
and assist specialists in diagnosing rare auto-
immune conditions. 
AI can also support differential diagnosis. Many 
autoimmune diseases share symptoms with in-
fections, cancers, genetic disorders, and other in-
flammatory conditions. AI systems can compare 
patient information against large databases and 
suggest possible diagnoses. 
Multimodal AI approaches are particularly prom-
ising because autoimmune diseases involve inter-
actions between many biological systems. A multi-
modal AI system can combine clinical symptoms, 
antibody profiles, genetic information, imaging 
findings, and treatment responses to generate a 
more complete disease assessment. 
Despite these advantages, AI diagnosis for rare 
autoimmune diseases faces several limitations. 
One major challenge is the lack of large, high qual-
ity datasets. Rare diseases produce limited clinical 
data, making it difficult to train robust AI models. 
Another challenge is disease heterogeneity. Auto-
immune diseases often vary significantly between 
patients. Individuals with the same diagnosis may 
have different symptoms, immune pathways, and 
treatment responses. AI systems must account for 
this biological diversity. Bias is another concern. 
AI models trained using limited populations may 
perform less accurately in different demographic 
groups. Diverse datasets are necessary to ensure 
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fair and reliable diagnostic performance. Explain-
ability is also important. Clinicians need to under-
stand why AI systems produce certain predictions. 
Transparent AI approaches that identify import-
ant contributing factors are more likely to be ac-
cepted in medical practice. Privacy protection is 
essential because autoimmune disease data often 
include sensitive genetic and health information. 
Secure data management and ethical guidelines 
are necessary to protect patient confidentiality. 

Artificial Intelligence In Orphan 
Drug Discovery For Rare 
Autoimmune Diseases 

The development of orphan drugs for rare auto-
immune diseases requires new approaches be-
cause traditional drug discovery methods often 
face significant limitations. AI is transforming 
the process by helping researchers understand 
disease mechanisms, identify therapeutic targets, 
discover drug candidates, and improve clinical de-
velopment. One of the most important contribu-
tions of AI is the identification of immune related 
therapeutic targets. Rare autoimmune diseases 
often involve specific abnormalities in immune 
signaling pathways, inflammatory molecules, or 
immune cell interactions. 
AI can analyze genomic, transcriptomic, pro-
teomic, and immunological datasets to identify 
biological pathways associated with disease de-
velopment. These analyses can reveal potential 
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targets for therapeutic intervention. For example, 
AI can examine how genetic mutations affect 
immune regulation and predict which molecu-
lar pathways contribute to abnormal immune ac-
tivation. This information can guide researchers 
toward targeted therapies. Drug repurposing is 
another important application of AI in orphan 
drug discovery. Many existing medications have 
known biological effects and safety information. 
AI algorithms can analyze relationships between 
approved drugs and autoimmune disease mechan-
isms to identify potential new treatments. Drug 
repurposing is especially valuable for rare dis-
eases because it can reduce development time and 
costs. Existing therapies may move more quickly 
into clinical testing because much of the required 
safety information is already available. AI also 
improves drug screening and molecular design. 
Traditional drug discovery requires testing many 
compounds experimentally. AI models can predict 
how molecules interact with immune targets and 
identify promising candidates. Generative AI tech-
nologies can create new therapeutic molecules 
designed to influence specific immune pathways. 
These systems can optimize drug properties such 
as effectiveness, stability, and safety. For rare auto-
immune diseases involving highly specific im-
mune abnormalities, AI designed therapies may 
provide more precise treatment approaches com-
pared with broad immune suppression. Biomarker 
discovery is another important area. Effective 
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autoimmune therapies require methods for meas-
uring disease activity and treatment response. AI 
can analyze complex biological data to identify 
biomarkers associated with disease progression. 
These biomarkers can improve clinical trials by 
allowing researchers to select appropriate partici-
pants and measure therapeutic effects more ac-
curately. AI can also optimize clinical trial design. 
Rare autoimmune diseases often involve small pa-
tient populations, making recruitment difficult. 
AI can analyze patient registries, electronic health 
records, and genetic databases to identify eligible 
participants. Machine learning models can also 
predict which patients are most likely to respond 
to specific therapies. This may improve trial effi-
ciency and reduce the number of unsuccessful 
studies. 
Personalized medicine represents a major oppor-
tunity for AI in autoimmune disease treatment. 
Patients with the same autoimmune diagnosis 
may have different underlying immune mechan-
isms. AI can analyze individual biological profiles 
to recommend treatments tailored to each patient. 
By integrating genetic information, immune 
markers, clinical history, and treatment outcomes, 
AI can support precision immunology approaches 
that move beyond generalized treatment strat-
egies. 

Challenges And Ethical 
Considerations 
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Although AI offers significant potential, several 
challenges must be addressed before widespread 
adoption. Limited data availability remains one of 
the greatest obstacles. Rare autoimmune diseases 
often lack sufficient numbers of documented cases 
for advanced AI development. International re-
search collaboration and secure data sharing will 
be essential for creating larger datasets. Patient 
registries and disease networks can provide valu-
able information while maintaining privacy. Data 
quality is another concern. Clinical information 
may be collected using different methods and 
standards. AI systems require consistent and ac-
curate data to produce reliable results. 
The complexity of immune biology presents add-
itional challenges. Autoimmune diseases involve 
dynamic interactions between genes, immune 
cells, environmental factors, and biological path-
ways. AI models must be capable of handling this 
complexity. Ethical considerations are also im-
portant. AI systems must be developed responsibly 
to ensure patient privacy, fairness, and transpar-
ency. Patients should understand how their data 
are used and how AI contributes to medical deci-
sions. Regulatory approval remains a challenge. AI 
based diagnostic and drug discovery tools require 
evaluation to ensure safety, reliability, and effect-
iveness. 
Human expertise remains essential. AI should 
support physicians and researchers rather than 
replace them. Clinical judgment, patient prefer-
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ences, and ethical considerations remain central 
to autoimmune disease management. 

Future Perspectives 
The future of AI in rare autoimmune disease 
diagnosis and orphan drug discovery is likely 
to involve increasingly integrated systems that 
combine clinical medicine, immunology, genom-
ics, and computational biology. AI based precision 
immunology may allow autoimmune diseases to 
be classified according to underlying biological 
mechanisms rather than only symptoms. This 
could improve treatment selection and accelerate 
development of targeted therapies. The combin-
ation of AI with single cell sequencing, advanced 
immune profiling, and molecular medicine may 
reveal new insights into autoimmune disease de-
velopment. These discoveries could lead to therap-
ies designed for specific immune pathways. AI may 
also improve access to specialized care through 
digital health platforms and remote diagnostic 
systems. Patients with rare autoimmune diseases 
often require evaluation by specialists who may be 
unavailable in their region. Collaboration among 
patients, clinicians, researchers, biotechnology 
companies, and regulatory organizations will be 
essential for advancing AI based solutions. 

Conclusion 
Artificial intelligence is transforming the diagno-
sis and orphan drug discovery landscape for rare 
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autoimmune diseases. These disorders have his-
torically presented major challenges due to diag-
nostic delays, complex immune mechanisms, and 
limited treatment options. AI provides new oppor-
tunities by analyzing clinical, genetic, immuno-
logical, and molecular information to improve 
disease recognition and therapeutic development. 
In diagnosis, AI can support earlier detection 
through pattern recognition, biomarker analysis, 
imaging interpretation, and genetic evaluation. 
These approaches may reduce uncertainty and im-
prove patient outcomes. In orphan drug discovery, 
AI accelerates target identification, drug repurpos-
ing, molecular design, biomarker discovery, and 
clinical trial optimization. These advances may 
lead to more effective and personalized therapies. 
Responsible AI implementation requires careful 
attention to data quality, privacy, transparency, 
and accessibility. When combined with medical 
expertise and patient centered approaches, AI has 
the potential to create a new era of precision medi-
cine for rare autoimmune diseases. Through con-
tinued research and collaboration, artificial intel-
ligence may help patients with rare autoimmune 
disorders achieve earlier diagnoses, better treat-
ments, and improved quality of life.
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