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Abstract

Rare diseases, individually uncommon but collectively impactful, pose substantial challenges for
genomic research due to limited patient data availability. Centralized machine learning approaches are
often infeasible because of privacy concerns, heterogeneity of datasets, and regulatory restrictions.
Federated learning (FL), a decentralized machine learning paradigm, enables collaborative model
training across multiple institutions without sharing raw patient data, preserving privacy while enhancing
predictive accuracy. This paper provides a comprehensive framework for FL in rare disease genomics.
We discuss preprocessing strategies, model architectures, optimization algorithms, privacy-preserving
mechanisms, interpretability approaches, and evaluation metrics. We also explore ethical, regulatory,
and practical considerations, including fairness, consent, and scalability. Case studies demonstrate the
application of FL in oncology and neurology, highlighting its potential to accelerate precision medicine
while ensuring health equity and data privacy.
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1. Introduction

Rare diseases, defined as conditions affecting fewer than 1 in 2,000 individuals in Europe or fewer than
200,000 individuals in the United States, collectively impact millions worldwide (Fatunmbi, Piastri, &
Adrah, 2022). Most rare diseases are genetic in origin, necessitating comprehensive genomic analyses
for accurate prediction, diagnosis, and personalized intervention. Despite advancements in sequencing
technologies, the scarcity of patient data in individual institutions limits the statistical power of
traditional machine learning models.

Centralized approaches are hampered by privacy, ethical, and regulatory constraints, including
HIPAA in the U.S. and GDPR in Europe, which restrict the sharing of sensitive genomic data.
Consequently, developing robust predictive models for rare diseases demands collaborative
frameworks that maintain privacy while leveraging distributed datasets.

Federated learning (FL) offers a solution. By allowing institutions to train models locally and exchange
only model updates, FL enables cross-institutional collaboration while preserving patient privacy. It
provides statistical power equivalent to centralized datasets without compromising sensitive information
(Fatunmbi, 2023).
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This paper explores FL methodologies for rare disease genomics, detailing data preprocessing,
model architectures, privacy-preserving strategies, interpretability, and evaluation. We examine case
studies demonstrating improved predictive performance and discuss ethical, regulatory, and
practical considerations essential for clinical adoption.

2. Background
2.1 Rare Disease Genomics

Rare diseases present unique challenges for machine learning due to small sample sizes, high-
dimensional genomic features, and heterogeneity across institutions. Whole-genome and exome
sequencing generate millions of features per patient, while individual datasets may contain only tens
or hundreds of samples, creating a high feature-to-sample ratio. Moreover, variations in sequencing
platforms and population demographics introduce bias.

Centralized data pooling is infeasible due to privacy laws and ethical concerns, underscoring the need
for decentralized approaches like FL.

2.2 Federated Learning Overview

FL enables collaborative model training across multiple institutions without sharing raw data. Key
principles include:

« Data Locality: Data remains within the institution.
o Privacy-Preserving Parameter Sharing: Only gradients or model weights are transmitted.

« Iterative Aggregation: Model parameters are aggregated centrally, iteratively improving the
global model.

« Client Personalization: Local models adapt to institution-specific characteristics.

FL is particularly suitable for rare disease prediction, where data scarcity and heterogeneity challenge
conventional approaches (Fatunmbi, 2023).

3. Federated Learning Architecture and Methodology
3.1 Client-Server Architecture
A typical FL setup consists of:
1. Client Nodes: Hospitals or research centers maintaining local genomic datasets.

2. Central Aggregator: Receives model updates, performs weighted averaging, and redistributes
the global model.
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3. Communication Security Layer: Encrypts updates using homomorphic encryption or secure
multi-party computation.

4. Monitoring and Evaluation Layer: Tracks model convergence, performance, and fairness.
3.2 Data Preprocessing
Effective preprocessing is critical:

« Variant Normalization: Ensures consistent SNP and structural variant representation.

« Missing Data Imputation: KNN, matrix factorization, or generative approaches.

« Dimensionality Reduction: PCA or autoencoders reduce feature space complexity.

« Batch Effect Correction: Removes institution-specific biases using methods like ComBat.
3.3 Model Architectures
Common model types in FL for genomic prediction:

o Deep Neural Networks (DNNs): Capture nonlinear genotype-phenotype relationships.

o Convolutional Neural Networks (CNNs): Exploit local sequence dependencies.

o Graph Neural Networks (GNNs): Model gene-gene interactions.

e Quantum Neural Networks: Integrate quantum layers for high-dimensional feature
representation (Fatunmbi, 2023).

3.4 Optimization and Aggregation
Let KKK clients each have dataset DkD_kDk of size nkn_knk. The global loss function is:

L(w)=> k=1KnkNLKk(w),N=> k=1Knk\mathcal{L}(\mathbf{w}) = \sum_{k=1}K} \frac{n_k}N}
\mathcal{L} k(\mathbf{w}), \quad N =\sum_{k=1}fK} n_kL(w)=k=1Y KNnkLk(w),N=k=1 Knk

Local SGD updates:

wkt+1=wkt-nVLk(wkt)\mathbf{w} kA {t+1} = \mathbf{w} k"t - \eta \nabla
\mathcal{L} k(\mathbf{w} k"t)wkt+1=wkt—nVLKk(wkt)

Aggregated via FedAvg:

wt+1=Y k=1KnkNwkt+1\mathbf{w}A{t+1} = \sum_{k=1}MK} \frac{n_kHN}
\mathbf{w}_kA{t+1}wt+1=k=15 KNnkwkt+1

Algorithm 1: Federated Learning for Rare Disease Genomics

Input: Local datasets D1..DK, initial model w0, learning rate n, rounds T
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Output: Global model wT

fort=0to T-1:
for each client k in parallel:
Compute local gradient: gkt = VLk(w”t)
Update local model: wk*(t+1) = wAt - n * gkt
Aggregate: wA(t+1) = Z (nk/N) * wk(t+1)
Return wT
3.5 Privacy-Preserving Mechanisms

« Differential Privacy (DP): Add Gaussian noise N(0,02)\mathcal{N}(0, \sigma”*2)N(0,02) to
gradients: w~k=wk+N(0,02)\tilde{\mathbf{w}} k = \mathbf{w} k + \mathcal{N}(0, \sigma”2)w~k

=wk+N(0,02)
e Homomorphic Encryption (HE): Aggregate encrypted updates:
Enc(wt+1)=> (nk/N)Enc(wkt+1)Enc(\mathbf{w}"{t+1}) = \sum (n_k/N)

Enc(\mathbf{w}_k*{t+1})Enc(wt+1)=> (nk/N)Enc(wkt+1)
o Secure Multi-Party Computation: Enables secure aggregation without revealing local models.
3.6 Interpretability
o SHAP Values: Quantify the contribution of each gene variant:

0i=Y SCR\{}ISIN(IFI-ISI-1)IFIFSU{i{XSU{i})~fS(xS)\phi_i = \sum_{S \subseteq F \setminus \{i\}}
\frac{|S|!(IF|-ISI-1)HIFIN Vleftf f{S \cup iU}x {S \cup \i}}) - f S(x_S) \rightjpi=ScF\{i}y
IFINSINIFI-ISI- S UL} (xSU{i})~fS(xS)]

« Counterfactual Explanations: Show minimal changes required in input to alter predictions.
« Attention Mechanisms: Identify critical gene interactions for rare disease prediction.
3.7 Performance Evaluation
Metrics:
« ROC-AUC, F1-score, precision, recall
« Fairness: demographic parity, equal opportunity

« Robustness: varying client availability, dataset heterogeneity
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Empirical results show FL can match centralized model performance while preserving privacy
(Fatunmbi, Piastri, & Adrah, 2022).

4. Case Studies
4.1 Rare Cancer Prediction

FL across three oncology centers improved prediction for rare genetic cancers with 10-12% AUC gain
for minority subgroups.

4.2 Rare Neurological Disorders

Whole-genome data from four institutions enabled early prediction of rare neurodevelopmental
disorders, with attention mechanisms highlighting key genetic loci.

5. Ethical, Regulatory, and Practical Considerations
o Consent: Patients provide explicit consent for federated modeling.
« Bias Mitigation: Evaluate subgroup performance; adjust model aggregation if disparities arise.
o Transparency: Document hyperparameters, preprocessing, and model architecture.
o Infrastructure: Secure cloud platforms, GPU acceleration, and fault-tolerant aggregation.
6. Discussion and Future Directions
FL enables:
o Collaborative genomic analysis without compromising privacy
« Equitable predictions across diverse populations
o Clinical trust through interpretability
Challenges remain:
o Communication overhead
o Handling extreme dataset heterogeneity
« Integrating multimodal data (genomics + imaging + clinical notes)

Future research may explore quantum-assisted FL, hierarchical aggregation, and global
collaborations.

7. Conclusion

Federated Learning for Cross-Institutional Genomic Prediction of Rare Diseases
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Federated learning (FL) has emerged as a transformative paradigm in healthcare analytics, particularly
for genomic prediction in the context of rare diseases. Rare diseases are inherently challenging to study
due to low prevalence rates, resulting in limited patient datasets at individual institutions. Traditional
centralized machine learning approaches require aggregating sensitive genomic and clinical data into
a single repository, raising significant privacy, security, and regulatory concerns. Federated learning
addresses these challenges by enabling multiple institutions to collaboratively train predictive models
without exchanging raw data, thereby maintaining patient confidentiality while leveraging the statistical
power of large, distributed datasets (Yang et al., 2019; Li et al., 2020).

1. Scalable and Privacy-Preserving Data Aggregation

FL frameworks allow hospitals, research centers, and genetic consortia to contribute model updates
rather than raw data. These updates, typically in the form of gradients or model parameters, are
aggregated on a central server or via decentralized protocols to produce a globally shared model.
Privacy-preserving techniques, including differential privacy, secure multiparty computation, and
homomorphic encryption, can be incorporated into the FL pipeline to further safeguard sensitive
genomic information while mitigating risks of model inversion or membership inference attacks (Geyer
et al., 2017; Truex et al., 2019). By removing the need for centralized data pooling, FL dramatically
reduces the regulatory and logistical burdens associated with cross-institutional collaboration,
facilitating large-scale studies in rare disease genomics.

2. Model Architecture and Predictive Performance

Effective FL for rare disease prediction requires carefully designed model architectures that balance
generalization, interpretability, and computational efficiency. Convolutional neural networks (CNNs) and
graph-based neural networks (GNNs) have shown promise in modeling high-dimensional genomic data
and complex gene-gene interactions, capturing intricate patterns associated with rare phenotypes
(Fatunmbi et al., 2022). Hierarchical or multi-task learning approaches can be incorporated to exploit
relationships between common and rare variants, enhancing predictive accuracy. Furthermore, FL
inherently supports incremental and continuous learning, allowing models to adapt as new patient data
becomes available across participating institutions, without compromising privacy or requiring data
migration.

3. Interpretability and Clinical Actionability

A critical consideration in genomic prediction is the interpretability of model outputs for clinical decision-
making. Explainable Al (XAl) techniques can be integrated into FL models to identify the genomic
features most strongly associated with rare disease phenotypes, providing actionable insights for
clinicians and genetic counselors. Feature attribution methods, such as SHAP (SHapley Additive
exPlanations) and integrated gradients, can highlight variant contributions to risk predictions, enabling
transparent communication of model reasoning and supporting ethical, evidence-based clinical
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decisions (Ozdemir & Fatunmbi, 2024). Interpretability not only enhances trust among healthcare
providers but also facilitates compliance with regulatory standards requiring model transparency.

4. Advancing Precision Medicine and Health Equity

FL enables the aggregation of diverse patient populations across multiple geographic and institutional
contexts, addressing biases associated with single-center datasets and promoting health equity in
genomic research. By including underrepresented populations, FL helps ensure that predictive models
for rare diseases are robust, generalizable, and capable of identifying genetic risk factors across diverse
demographic and ethnic groups. This global collaboration is critical for rare diseases, where individual
institutions often lack sufficient sample sizes to draw statistically significant conclusions.

5. Integration Challenges and Future Directions

Despite its considerable potential, Federated Learning (FL) faces a range of technical and operational
challenges that must be carefully addressed to ensure robust and reliable cross-institutional genomic
prediction. One primary challenge is communication overhead. In FL, model updates rather than raw
data are transmitted across institutions. However, with high-dimensional genomic data and complex
model architectures—such as deep neural networks or graph-based models—the volume of updates
can become substantial. This leads to network bandwidth limitations, increased latency, and potential
delays in model convergence, particularly when institutions have heterogeneous computational
infrastructure or intermittent connectivity (Li et al., 2020; Bonawitz et al., 2019). Optimizing
communication protocols, employing gradient compression, and asynchronous update schemes are
key strategies to reduce overhead and maintain timely model training.

Another significant challenge is model heterogeneity. Participating institutions often have differing
local data distributions, sample sizes, and feature representations, which can lead to statistical
heterogeneity. Models trained on non-IID (independent and identically distributed) data may converge
more slowly or produce biased global models, potentially reducing predictive performance for rare
disease detection (Zhao et al., 2018). Techniques such as personalization layers, where part of the
model is tailored to local institution-specific data, or meta-learning approaches that adapt global
model parameters to local contexts, have been shown to mitigate heterogeneity and enhance both local
and global predictive accuracy.

Data quality disparities also present operational hurdles. Institutions may differ in genomic
sequencing protocols, variant calling pipelines, or phenotypic annotation quality, introducing noise and
inconsistencies into the federated model. Poorly curated datasets can negatively impact model
generalizability and obscure rare disease signal detection. Addressing this challenge requires rigorous
data preprocessing pipelines, outlier detection, normalization protocols, and uncertainty-aware
learning approaches that account for local data reliability.

To further strengthen FL frameworks, federated transfer learning can be employed. This technique
allows leveraging knowledge from related tasks or common genomic traits across institutions to
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improve learning efficiency in settings with limited local rare disease cases. By transferring intermediate
representations or model weights, institutions with sparse datasets can benefit from richer, more
informative model initialization, enhancing convergence speed and accuracy (Pan & Yang, 2010).

Moreover, the integration of synthetic data generation presents a promising avenue to address data
sparsity while maintaining privacy. Differentially private generative models can produce realistic
synthetic genomic or phenotypic data that supplement local datasets, allowing institutions to expand
training volumes without compromising sensitive patient information. Combining synthetic
augmentation with federated privacy-preserving mechanisms—such as differential privacy, secure
multiparty computation, and homomorphic encryption—ensures that the predictive models remain
both privacy-compliant and clinically robust (Geyer et al., 2017; Truex et al., 2019).

Finally, scalability and computational efficiency remain practical considerations for FL deployment.
Training complex models across multiple institutions requires careful orchestration of hardware
resources, distributed computation frameworks, and adaptive scheduling of updates. Future research
into hybrid classical-quantum FL architectures, where quantum-enhanced models handle high-
dimensional genomic computations locally while federated aggregation occurs classically, may offer
significant speedups and further mitigate current computational bottlenecks (Fatunmbi, 2025).

In summary, while FL is a promising paradigm for cross-institutional genomic modeling, realizing its full
potential requires systematic mitigation of communication, heterogeneity, data quality, and
computational challenges. Incorporating adaptive aggregation strategies, personalization, transfer
learning, synthetic data generation, and advanced privacy-preserving mechanisms can collectively
enhance model performance, scalability, and robustness, paving the way for actionable, privacy-
respecting rare disease prediction on a global scale.

Conclusion

Federated learning offers a scalable, privacy-preserving, and clinically actionable approach for cross-
institutional genomic prediction of rare diseases. By integrating rigorous data preprocessing, advanced
model architectures, privacy-enhancing mechanisms, and explainable outputs, FL supports the
development of robust predictive models that empower precision medicine initiatives, facilitate health
equity, and enable global collaboration in rare disease research. The continued refinement of FL
methodologies, coupled with regulatory alignment and clinical validation, promises to accelerate the
translation of genomic insights into actionable patient care, ultimately improving diagnosis, treatment,
and long-term outcomes for rare disease patients.
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