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Abstract

The integration of artificial intelligence into clinical decision-making has long been constrained by a fundamental tension: high-
performing models require vast, diverse datasets, yet healthcare data is siloed across institutions and protected by stringent privacy
regulations. In 2026, this tension is being resolved through the maturation of federated learning (FL) and privacy-preserving Al
technologies. This article examines how these decentralized approaches are moving from research prototypes to clinical reality.
We analyze three key developments: (1) the emergence of FL as a practical framework for multi-institutional collaboration in
oncology and pathology, enabling model training across sites without raw data sharing, (2) the integration of differential privacy,
homomorphic encryption, and blockchain to provide formal privacy guarantees while maintaining clinical-grade performance;
and (3) the translation of these technologies into real-world clinical workflows, including rare disease diagnosis and Alzheimer s
staging. We argue that while significant challenges remain including data heterogeneity, communication inefficiency, and the gap
between benchmark performance and clinical deployment FL and privacy-preserving Al are fundamentally reshaping how clinical
Al is developed, validated, and deployed. The hype is giving way to tangible, patient-centered value.
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1. Introduction

For nearly a decade, the development of artificial intelligence in
healthcare has been shaped by a seemingly intractable conflict.
Deep learning models, from convolutional neural networks for
medical imaging to large language models for clinical text, achieve
their remarkable performance through exposure to massive, diverse
datasets [1-29]. Yet the raw material for these models electronic
health records, medical images, genomic sequences is among the
most sensitive data in existence, protected by regulations such
as HIPAA and GDPR that rightly prohibit unrestricted sharing
[30-48]. The result has been a fragmented landscape: individual
institutions develop models on their own limited datasets, while
the promise of generalizable, multi-institutional Al remains
unrealized [49-68].

In 2026, this landscape is fundamentally shifting. Federated
learning (FL) and privacy-preserving Al technologies have
matured from theoretical concepts to practical frameworks
being deployed in real clinical settings. This article examines
how these technologies are reshaping clinical decision-making,
moving beyond the hype to document tangible progress, persistent

challenges, and the emerging shape of privacy-preserving clinical
AT [69-84].

2. The Federated Learning Revolution in Practice

2.1 From Centralized to Decentralized Model Training
Traditional centralized learning requires aggregating sensitive
patient data in a single location a practice that is increasingly
infeasible both legally and ethically [85-104]. Federated learning
inverts this paradigm: multiple clients (hospitals, research centers,
or edge devices) collaboratively train a shared model while
keeping raw data local. Each client trains a model on its local
dataset and uploads only model updates weights or gradients to a
central server, which aggregates these updates to refine the global
model [105-125].

The core algorithm, Federated Averaging (FedAvg), has been
extended to address the unique challenges of healthcare data. For
example, FedProx adds a proximal term to regularize local updates,
improving stability when data distributions vary significantly
across institutions a common scenario when patient populations
differ by geography, demographics, or disease prevalence [126-
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143]. FedBN retains batch normalization parameters locally to
handle feature distribution heterogeneity in medical imaging,
where scanner types and acquisition protocols vary widely [144-
164].

2.2 Real-World Applications in 2026

The clinical impact of federated learning is no longer hypothetical.
In oncology, FL enables multi-institutional collaboration for
cancer detection, prognosis prediction, and treatment response
modeling without compromising patient privacy [164-180]. A
2026 study demonstrated that FL models for digital immune
phenotyping in metastatic melanoma performed competitively

with centralized models while navigating the practical challenges
of cross-institutional deployment: heterogeneous hardware,
network restrictions, and varied data formats [181-203].

In cardiovascular disease prediction, FL approaches have been
systematically compared across biosignal-based (ECG, PPG) and
EHR-based applications. Biosignal FL emphasizes personalized
monitoring and non-IID data mitigation through techniques such
as client clustering and Bayesian inference, while EHR-based
studies prioritize large-scale hospital collaboration and secure
aggregation [204-219].

M Table 1— Comparison of Federated Learning Approaches Across Healthcare Applications

Key FL algorithms, primary challenges,

and example use cases by application domain

Application Domain Key FL Algorithms

FedBN, LoRA-adapted

Medical Imaging Transformers

sites

FedProx, Adaptive

EHR Analytics Optimization
Rare Disease Homomeorphic Encryption +
Diagnosis LLM

NVIDIA FLARE, Secure
Pathology

Aggregation heterogeneity

Application Domain Key FL Algorithms Primary Challenge
Addressed Example Use Case

Medical Imaging FedBN, LoRA-adapted Transformers Feature
distribution heterogeneity across sites Brain tumor segmentation,
Alzheimer’s staging EHR Analytics FedProx, Adaptive
Optimization Non-IID patient populations Cardiovascular risk
prediction Rare Disease Diagnosis Homomorphic Encryption +
LLM Small sample size, privacy constraints Differential diagnosis
using encrypted embeddings Pathology NVIDIA FLARE, Secure
Aggregation Large gigapixel images, hardware heterogeneity
Digital immune phenotyping in melanoma.

A landmark development in 2026 is the application of FL to
multimodal Alzheimer’s disease staging, integrating 3D structural
MRI, radiomics, cognitive assessments, and FDA-cleared plasma
biomarkers. Using a parameter-efficient Swin-UNet transformer
with Low-Rank Adaptation (LoRA), the framework achieved
80.7% balanced accuracy approaching the centralized upper bound
(82.1%) while reducing communication overhead by 99% to only
140 KB per round [220]. This represents a critical breakthrough:
clinical-grade accuracy with communication costs compatible
with real-world hospital networks [220-228].

Primary Challenge Addressed

Feature distribution heterogeneity across

Non-IID patient populations

Small sample size, privacy constraints

Example Use Case

Brain tumor segmentation, Alzheimer's
staging

Cardiovascular risk prediction

Differential diagnosis using encrypted
embeddings

Large gigapixel images, hardware

Digital immune phenotyping in melanoma

3. Beyond Federated
Technologies

3.1 Differential Privacy (DP)
While federated learning inherently enhances privacy by avoiding
raw data sharing, it does not provide formal privacy guarantees.
Model updates can potentially leak information about training data

through gradient inversion or membership inference attacks [229].

Learning:  Privacy-Preserving

Differential privacy addresses this limitation by adding calibrated
statistical noise to model updates, ensuring that the contribution
of any individual data point cannot be reliably inferred. In 2026,
adaptive DP approaches have emerged that tailor noise levels based
on quantifiable client compliance scores, balancing privacy, equity,
and performance. This is particularly important for including
under-resourced clinics with less mature security infrastructure
alongside highly regulated institutions [230].

3.2 Homomorphic Encryption

Homomorphic encryption (HE) enables computation directly
on encrypted data without revealing the underlying patient
information. A recent feasibility study demonstrated HE for
large language model (LLM)-assisted diagnosis in rare diseases.
Patient histories and disecase knowledge bases were embedded
into vectors, encrypted, and then compared in encrypted space to
generate diagnostic recommendations. Crucially, HE imposed little
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disruption to diagnostic accuracy (nDCG of 0.6108 encrypted vs.
0.6083 unencrypted) while effectively protecting against reverse-
embedding attacks [230].

This approach opens unprecedented opportunities: healthcare
institutions can host and serve powerful Al services across
organizational boundaries without requiring local de-identification,
enabling secure access to external decision-support services that
would otherwise be impossible under privacy regulations.

3.3 Blockchain-Enabled Trust

Blockchain is increasingly integrated with FL to provide tamper-
resistant, transparent, and auditable model update tracking.
Recording model updates on a distributed ledger eliminates the
need for a central authority and mitigates threats including Sybil
attacks and information leakage [230]. This hybrid architecture is
particularly suitable for healthcare environments requiring high
trust, regulatory compliance, and distributed collaboration across
multiple organizations with varying levels of mutual trust.

3.4 Data-Free Quantization for Edge Deployment
Privacy concerns extend beyond model training to model

deployment. Traditional quantization methods for model
compression rely on original data for calibration, raising data
privacy concerns. In 2026, data-free quantization frameworks for
models such as Segment Anything Model (SAM) enable privacy-
preserving deployment on resource-limited edge devices. By
decoupling model deployment from real data, these approaches
eliminate the need for data transfer in cloud-edge collaboration,
enabling secure, fast, and personalized healthcare services in
remote or under-resourced regions [154].

4. Clinical Translation: The Last Mile

4.1 Achievements in 2026

The evidence for clinical translation is accumulating rapidly.
Federated learning has been successfully deployed across
four separate networks from institutes in four countries for
computational pathology tasks, demonstrating that cross-silo
FL can navigate stringent institutional network security, manage
large gigapixel-scale data, and overcome logistical hurdles of
international collaboration [132]. The multimodal Alzheimer’s
staging framework achieved consistent cross-site interpretability
with a Dice similarity of 0.84, addressing the critical need for
trustworthy explanations in decentralized settings [111].

E- Table 2 — Clinical Translation Status of Privacy-Preserving Al Technologies in 2026

Deployment stage, key barriers, and enabling solutions for each technology

Technology Clinical Deployment Stage

Multi-institutional

FL for Medical | i
or ical Imaging pilots

FL for EHR Analytics Research validation

HE + LLM for Rare Diseases Feasibility studies

Blockchain + FL Early prototypes

Privacy-Preserving

Labaoratory validation
Quantization v

Technology Clinical Deployment Stage Key Barrier Enabling
Solution

FL for Medical Imaging Multi-institutional
heterogeneity FedBN, LoRA adaptation

FL for EHR Analytics Research validation Communication
overhead Sparse compression, adaptive aggregation

HE + LLM for Rare Diseases Feasibility studies Computational
cost Optimized encryption parameters

Blockchain + FL Early prototypes Infrastructure complexity Semi-
public cloud deployment

Privacy-Preserving Quantization Laboratory validation Accuracy-
deployment trade-off Data-free synthesis methods

pilots Data

Key Barrier

Data heterogeneity

Communication overhead

Computational cost

Infrastructure complexity

Accuracy-deployment trade-
off

Enabling Solution

FedBN, LoRA adaptation

Sparse compression, adaptive
aggregation

Optimized encryption parameters

Semi-public cloud deployment

Data-free synthesis methods

4.2 Persistent Barriers

Despite this progress, significant gaps remain between research
performance and routine clinical deployment. A structured gap
analysis identified seven critical deployment axes, with six
showing high-severity gaps. Supporting literature is limited: only
one axis is backed by strong evidence, three by moderate evidence,
and two by very weak evidence [187].

Key challenges include:

Data Heterogeneity: Variations in imaging modalities, clinical
documentation, and patient populations across institutions remain
a primary challenge. Generative models such as variational
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autoencoders can approximate missing or underrepresented data
distributions, but standardized preprocessing pipelines and domain
adaptation techniques are still maturing [190].

Communication Efficiency: Federated training can take
significantly longer than centralized training, particularly in cross-
silo settings with large datasets and heterogeneous hardware.
Optimizing local client epochs can halve training time for some
tasks, but the optimal balance between performance and time to
convergence is task-dependent [110].

Interpretability: Standard explanation methods produce site-
specific attributions that lack consistency across the federation,
undermining their utility for collaborative diagnosis. Fuzzy-rough
hybrid explainability pipelines that synthesize client-specific
saliency maps into consensus-driven interpretations are emerging
as a solution [95].

Regulatory Alignment: FL models rarely reach routine clinical
deployment because current evaluation focuses on technical
metrics rather than value-based healthcare priorities, including
quality management systems, global regulatory frameworks, and
trustworthy Al standards [23].

5. Future Directions and Conclusion
5.1 The Emerging Shape of Privacy-Preserving Clinical AI
Several trends will define the next phase of this transformation:

Foundation Models and FL: Federated learning is being extended to
foundation models and large-scale models, enabling collaborative
pre-training on distributed healthcare data while preserving
privacy.

Continual Learning: As patient populations and clinical practices
evolve, FL systems must support continual learning to maintain
model performance over time without full retraining.

Federated Multimodal Integration: The Alzheimer’s staging
framework demonstrates the power of integrating multiple
modalities imaging, biomarkers, and clinical assessments within a
privacy-preserving FL architecture.

Inclusive Privacy: Adaptive differential privacy that adjusts noise
based on compliance scores will enable broader participation from
under-resourced institutions, improving model generalizability
and reducing algorithmic bias.

5.2 Conclusion

In 2026, federated learning and privacy-preserving Al are moving
decisively beyond the hype. The technologies have demonstrated
clinical-grade performance across oncology, cardiovascular
disease, Alzheimer’s staging, and rare disease diagnosis.
Communication overhead has been reduced by 99% in some
applications. Formal privacy guarantees are being integrated with
adaptive, equitable mechanisms.

The remaining challenges are real data heterogeneity,
communication efficiency, interpretability, and regulatory
alignment. But they are now being addressed not as theoretical
concerns but as engineering problems in active -clinical
deployment. The privacy-accuracy trade-off that has constrained
clinical Al for a decade is no longer binary. Decentralized, privacy-
preserving approaches are achieving centralized performance
while maintaining institutional data sovereignty.

The shape of clinical Al in 2026 is clear: it is collaborative,
privacy-preserving, and increasingly patient-centered. The last
mile to routine clinical deployment is underway.
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