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Abstract—Alzheimer’s disease (AD) diagnosis using MRI is
hindered by data-sharing restrictions. This study investigates
whether federated learning (FL) can achieve high diagnostic
accuracy while preserving data confidentiality. We propose an
FL pipeline, utilizing EfficientNet-B3 and implemented via the
Flower framework, incorporating advanced MRI segmentation
(the Segment Anything Model, SAM) to isolate brain regions. The
model is trained on a large ADNI MRI dataset and cross-validated
on an independent OASIS dataset to evaluate generalization.
Results show that our approach achieves high accuracy on
ADNI (approximately 96 % ) and maintains strong performance on
OASIS (around 85%), demonstrating robust generalization across
datasets. The FL. model attained high sensitivity and specificity
in distinguishing AD, mild cognitive impairment, and healthy
controls, validating the effectiveness of FL for AD MRI analysis.
Importantly, this approach enables multi-center collaboration
without sharing raw patient data. Our findings indicate that FL-
trained models can be deployed across clinical sites, increasing the
accessibility of advanced diagnostic tools. This work highlights the
potential of FL in neuroimaging and paves the way for extension
to other imaging modalities and neurodegenerative diseases.
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I. INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenera-
tive disorder affecting millions globally, leading to progressive
cognitive decline and loss of autonomy in individuals [1].
Early and accurate diagnosis is crucial for slowing disease
progression and improving patient quality of life [2]. Mag-
netic resonance imaging (MRI) can reveal structural brain
changes associated with AD, such as cortical atrophy and
ventricular enlargement [1]. However, automated MRI-based
AD diagnosis remains challenging due to the complexity of
neurodegeneration patterns and high inter-individual variability
[3]. Traditional machine learning approaches often require
centralized access to large multi-site datasets, which is usually
infeasible under strict medical data confidentiality regulations
[4]. Recent advances in artificial intelligence have shown that
deep learning models can achieve expert-level performance
in medical imaging tasks, rivaling trained specialists [2]. Yet,
these models demand extensive data that are typically siloed
across institutions. Federated learning (FL) offers a promising
solution by enabling collaborative model training without

pooling the data [S]. In an FL setup, institutions can jointly
improve a shared model while keeping patient data local,
thereby preserving privacy. In particular, the Flower framework
has emerged as an efficient platform for implementing FL in
sensitive domains like medical image analysis [6]. FL makes
it possible to leverage the combined richness of multi-center
data without breaching confidentiality. Despite this promise,
applying FL to AD MRI analysis still faces unresolved issues.
Data heterogeneity between hospitals and the lack of external
validation in many studies can undermine model reliability
[7]1. Many prior works report high accuracy on single-site
data, but it remains unclear how an FL model performs
on entirely independent datasets. For example, recent deep
learning models have exceeded 97% classification accuracy
on individual MRI datasets [8], yet their generalizability to
external data is unproven.

In light of this gap, we specifically investigate whether a
federated approach can achieve AD MRI diagnostic perfor-
mance comparable to centralized methods while maintaining
data privacy. To address this question, we propose a novel
FL-based diagnostic framework for AD. Our approach is
characterized by two main innovations. First, we integrate
an advanced image preprocessing step using the Segment
Anything Model (SAM) to automatically segment and extract
brain regions from MRIs, standardizing inputs across sites.
Second, we rigorously evaluate the FLL model’s generalization
by training on a large multi-center dataset (ADNI [9]) and
validating on a separate dataset (OASIS). To our knowledge,
this work is the first to combine SAM-driven preprocessing
with federated learning for AD classification and to validate
the model across multiple MRI datasets. The key contributions
of our study include: 1) a privacy-preserving federated learning
framework for AD diagnosis that achieves high accuracy
without centralized data, 2) the integration of state-of-the-art
automated segmentation to enhance MRI feature extraction,
and 3) a cross-dataset evaluation demonstrating robust model
performance on independent data. This study underscores the
importance of multi-institutional collaboration in developing
Al tools for AD and highlights the novelty of our approach in
addressing data sharing barriers and generalization challenges.

II. BACKGROUND/THEORY

Integrating artificial intelligence (Al) into the analysis of
magnetic resonance imaging (MRI) data represents a sig-
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nificant advancement in diagnostic medicine. Among the
promising applications of Al, the automation of the reporting
process in spine MRI is particularly noteworthy. A study by
[10] demonstrates that deep learning algorithms can identify
specific features of various spinal pathologies and generate
reports comparable to those of radiologists. These models
exhibit high precision, sensitivity, and specificity, highlighting
their potential for routine use in spine MRI diagnostics.

The potential of Al to reach diagnostic accuracy compa-
rable to that of neuroradiologists is particularly impressive in
brain MRI. [2] evaluated an AI system that integrates data-
driven techniques with expert knowledge to produce differ-
ential diagnoses. Their findings indicate that this system can
achieve the precision of academic neuroradiologists and even
exceed the performance of residents and general radiologists.
This advancement holds the promise of significantly enhanc-
ing the accuracy of diagnoses in neuroradiology, potentially
transforming the field.

The author in [11] provide an overview of Al use in MRI
image reconstruction, a crucial domain for transforming raw
data into high-quality clinical images. Their review demon-
strates that deep learning algorithms can outperform conven-
tional methods in terms of image quality and computational
efficiency. This advancement is significant for various clinical
applications, including musculoskeletal, abdominal, cardiac,
and brain imaging, promising to revolutionize radiology.

The importance of Al model explainability in MRI data
analysis is highlighted by [12]. In a field where clinical de-
cisions can have significant consequences, understanding how
Al models arrive at their conclusions is crucial. Their study
presents advances in explainable artificial intelligence (XAI)
techniques applied to MRI, aiming to make deep learning
models transparent and understandable to practitioners. This
could enhance clinicians trust in using Al for complex and
sensitive diagnoses.

An article by [13] explores the application of Al in clas-
sifying brain MRI images to diagnose various neurological
and psychiatric diseases. They review machine learning and
deep learning techniques applied to MRI image classification,
providing valuable insights into diseases such as Alzheimer’s,
Parkinson’s, and autism spectrum disorders. This research
highlights AI’s potential to transform the diagnosis and mon-
itoring of neurological diseases through more precise and
informative image analyses.

Finally, [14] address a vital but often overlooked aspect
of AI application in medical imaging: data preparation. Their
article discusses the need for a large amount of well-curated
data for effective Al algorithm development. They highlight
the challenges associated with data curation and propose ap-
proaches to overcome these obstacles. This includes accessing
representative and high-quality data, essential for developing
robust and reliable Al algorithms.

III. THE FLOWER FRAMEWORK FOR FEDERATED
LEARNING

Federated learning is an emerging technique that enables
edge devices to collaboratively learn a shared predictive model
while keeping their training data on the device. This dissociates
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the ability to perform machine learning from the need to store
data in the cloud.

A. Horizontal Federated Learning (HFL) Architecture

The Horizontal Federated Learning architecture is suited
for scenarios where various clients possess data with identical
attributes but are geographically distributed. Each client trains
a model locally on its own data and transmits the parameter
updates to a central server for aggregation. This process pre-
serves data confidentiality while collectively benefiting from
the improvements of the global model.

Server A [(ﬁ Sending encrypted gradients ‘

""--‘2—@’"‘ ‘ 2 Secure aggregation ‘
‘ @ Sending back model updates ‘
Updating models

Database B, Database B, Database B,

Fig. 1. Horizontal federated learning architecture as proposed in [15].

Fig. 1 illustrates the Horizontal Federated Learning archi-
tecture as proposed by [15]. This figure demonstrates how
federated learning enables multiple clients to train a global
model without sharing raw data, thus preserving privacy.

B. Vertical Federated Learning (VFL) Architecture

The Vertical Federated Learning architecture is appropriate
for cases where different clients hold complementary infor-
mation about the same set of entities. Clients collaborate by
sharing model outputs rather than direct data, facilitating joint
learning while preserving the confidentiality of individual data.
This approach requires meticulous coordination to ensure the
integrity and security of the shared predictions.

The Flower Framework, as presented by [6], offers a
flexible and agnostic solution regarding client environment het-
erogeneity, thereby facilitating the porting of existing mobile
workloads with minimal overhead and enabling researchers to
experiment with new approaches to advance the state of the
art.

Continuing research on Flower, [16] explored federated
learning directly on various smartphones and embedded de-
vices. Their study evaluates the systemic costs of on-device
federated learning and discusses how this information could
be used to design more efficient algorithms, demonstrating
the framework’s capability to adapt to different platforms and
reduce operational costs.

To enhance security in federated learning, [17] developed
Salvia, an implementation of secure aggregation for Python
users in the Flower Framework. This method is robust against
client disconnections and offers a flexible, easy-to-use API
compatible with various machine learning frameworks. This
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Fig. 2. Vertical federated learning architecture as proposed in [15].

approach ensures that the aggregation of locally trained models
occurs without the server inspecting individual models, thereby
enhancing data confidentiality.

In a different context, [18] utilized Flower to detect ma-
licious attacks in decentralized blockchain applications. Their
research proved that federated learning can significantly im-
prove the security and reliability of decentralized networks
by detecting various types of malicious attacks, showcasing
Flower’s versatility in applications requiring high security.

Finally, [19] addressed an asynchronous federated learning
method using version information to aggregate only updated
models, which improves the quality of models on devices.
Their new practical framework for asynchronous federated
learning, extending Flower, illustrates how efficient communi-
cations can be achieved even without a central server, making
federated learning more adaptable and efficient.

IV. LITERATURE REVIEW ON FEDERATED LEARNING IN
MRI

Federated learning, a promising approach in artificial intel-
ligence, is particularly relevant for analyzing medical images,
including magnetic resonance imaging (MRI). The author in
[20] conducted a systematic review of articles on federated
learning applied to medical image analysis, highlighting the
comparative performances of federated models and the chal-
lenges to be overcome. This study underscores the importance
of preserving confidentiality while improving the accuracy of
medical diagnoses.

The author in [21] explored an innovative approach for
multimodal MRI reconstruction in a federated setting with their
Fed-PMG framework. This framework addresses the challenge
of missing modalities by generating pseudo-modalities, en-
abling complete reconstruction while maintaining manageable
communication costs. This method illustrates the adaptability
of federated learning to practical limitations in medical data.

Finally, [22] reviewed methodological advances in applying
federated learning to health data, highlighting the challenges
posed by fragmented data and class imbalance. Their critical
review contributes to a better understanding of how to develop
more robust and effective federated learning methods, essential
for the future of medical analysis.
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V. SYNTHESIS AND JUSTIFICATION OF THE CURRENT
STUDY

Federated Learning (FL) emerges as a promising solution
to the challenges associated with data privacy and confidential-
ity in medical image analysis. This approach allows multiple
entities to collaborate on improving a shared model without
requiring the direct exchange of data. In practice, this means
that institutions can contribute to a collective research effort
while maintaining the confidentiality and sovereignty of patient
data. This collaborative model can potentially increase the
diversity and volume of data available for algorithm training,
thereby improving their accuracy and general applicability.
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Fig. 3. Flower core framework architecture with both edge client engine and
virtual client engine as proposed in [6].

Fig. 3 shows edge clients live on real edge devices and
communicate with the server over RPC. Virtual clients on the
other hand consume close to zero resources when inactive and
only load model and data into memory when the client is being
selected for training or evaluation [6].

The Flower framework (Fig. 3) was chosen for our im-
plementation on AD MRI due to several key factors. First,
Flower is designed to be flexible and compatible with numer-
ous machine learning libraries, allowing easy integration with
existing infrastructures in medical research centers. Second, it
offers advanced features to efficiently manage communications
between clients and the central server, minimizing latencies
and communication costs in FL. Finally, Flower supports a
wide range of aggregation strategies, enabling experimentation
with different methods to find the most suitable approach for
the specific characteristics of AD MRI data [6].

The adoption of FL in AD MRI diagnosis has the potential
to catalyze significant advances in both research and clinical
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practice. By facilitating broader and more effective collabo-
ration between researchers and healthcare institutions, and by
leveraging the combined power of globally distributed datasets,
this approach could lead to the discovery of more precise
biomarkers and the development of more effective personalized
therapeutic strategies. More broadly, this federated paradigm
could serve as a model for other studies in fields where data are
sensitive and where collaboration among multiple stakeholders
is essential.

However, few studies to date have specifically applied FL
to MRI-based AD diagnosis with rigorous cross-site evaluation
[4], [7]. Most existing approaches are limited to single-dataset
experiments and do not incorporate advanced preprocessing
techniques. Thus, it remains uncertain how a federated model
would perform on completely independent data or how it might
benefit from modern segmentation methods. Our approach is
designed to fill these gaps by integrating a powerful seg-
mentation model (SAM) into the FL pipeline and validating
the model across two distinct datasets (ADNI and OASIS).
By doing so, we aim to enhance the model’s robustness and
demonstrate clear advantages over conventional techniques.
In particular, the use of SAM ensures consistent isolation of
brain regions across all training sites, and the cross-dataset
evaluation provides evidence of generalizability that single-
dataset studies cannot offer [23]. This strategy distinguishes
our work from prior efforts and highlights the performance
gains and reliability improvements achieved by our federated
approach. By addressing these unmet needs, the proposed
study offers notable advantages over existing centralized or
siloed-training methods. Our federated model is expected to
maintain competitive accuracy while inherently resolving data
privacy concerns. This approach leverages a more diverse
training set than any single institution could provide, leading
to better generalization.

VI. METHODOLOGY
A. Selection and Preparation of Data Sets

As an initial step, we carefully selected and prepared two
well-known public MRI datasets to train and evaluate our
models: ADNI and OASIS [24]. The Alzheimer’s Disease
Neuroimaging Initiative (ADNI) dataset [9] is a large multi-
center collection of brain scans, including subjects diagnosed
with AD, individuals with mild cognitive impairment (MCI),
and cognitively normal aging controls. We curated a total
of 1,414 subject T1-weighted MRI from ADNI [9] for our
federated training and internal evaluation (with approximately
984 subject used for training across clients and the remainder
for validation/testing). ADNI was selected due to its extensive
size, diversity of subjects, and status as a benchmark dataset
in AD research [25].

To assess the model’s generalization on unseen data, we
additionally employed the Open Access Series of Imaging
Studies (OASIS) dataset [24]. OASIS provides brain MRI
scans of older adults, including both healthy individuals and
those with cognitive impairment or dementia. From the OA-
SIS database, we gathered 215 subject representing AD and
cognitively normal cases to serve as an independent test set.
OASIS is an openly available dataset, and its use as a separate
evaluation source is crucial to demonstrate the robustness
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of our approach. The combination of ADNI for federated
training and OASIS for external testing ensures a rigorous
multi-dataset evaluation. Both datasets are publicly accessible
(ADNI with registration and OASIS freely), which supports the
reproducibility of our study and reflects the real-world scenario
of multi-center data distribution.

Data Preprocessing: The quality of research in medical
imaging significantly relies on the precision and relevance
of the images used. In the context of AD study, a rigorous
methodology was established for image selection and prepro-
cessing. (Details of MRI preprocessing steps would follow,
ensuring consistency across sites.)

Segment Anything (SAM)

i T 1

Image encoder

M0 00

Fig. 4. Details of the segmentation process with SAM.

1) Image selection: The first step involves selecting
high-quality images representative of different phases of
Alzheimer’s disease using DICOM or NIFTT formats generally
available in clinical databases like ADNI. For each patient,
approximately 20 to 30 axial slices are chosen, specifically
those showing the brain in its entirety. This targeted selection
helps isolate the most informative regions of interest (ROI) for
AD analysis.

2) Image conversion: After selection, the chosen slices are
converted from DICOM or NIFTI format to PNG images.
This conversion standardizes the image format for subsequent
processing and facilitates their manipulation in various image
analysis and machine learning tools. The PNG format is
preferred due to its lossless compression, ensuring that no
significant information is lost after conversion.

3) Automatic image preprocessing (Fig. 5): Preprocessing
is crucial to improve data quality and the performance of
machine learning models. In this study, the obtained PNG
images are fed into Facebook’s pre-trained Segment Anything
(SAM) model, which uses deep learning techniques to segment
and isolate the brain part in each image. This process is
illustrated in the provided diagram showing how the original
images are processed through the SAM model to obtain images
where only relevant brain regions are highlighted.

a) Details of the segmentation process with SAM (Fig.
4):

e Image encoder: Each image is first encoded to trans-
form raw data into an intermediate representation
understandable by the neural network.
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Fig. 5. Automatic image preprocessing.

e  Mask decoder: The encoder is followed by a decoder
that generates a precise mask of the brain. This mask
is used to isolate and extract the brain region from the
original image.

e  Application of masks: The generated masks are ap-
plied to the original images to extract specific brain
regions. This process eliminates irrelevant elements
such as bone structures and empty spaces around the
brain.

e  Color map: A color mapping can be applied to visually
enhance the distinction of different brain regions,
facilitating subsequent analyses by experts or classifi-
cation algorithms.

This methodology of image selection and preparation en-
sures that only the most relevant and high-quality data are
used to train the Alzheimer’s disease diagnostic model. By
effectively isolating the brain from other structures and stan-
dardizing image formats, we maximize the accuracy of sub-
sequent analyses and enhance the reliability of study results.
This rigorous process is essential to develop a robust model
capable of accurately detecting and classifying the different
stages of Alzheimer’s disease from MRI data.

B. Comparative Analysis of Data Sets from Different Clients
and the Global Server

The data sets collected from different clients and aggre-
gated at the global server level are essential to understand
the class distribution and evaluate the model’s ability to
generalize across diverse data sources. Maintaining a balanced
class distribution within each set is crucial for developing an
effective Alzheimer’s disease diagnostic model.

1) Understanding the data: The data sets from each client
as well as the global server show varied class distribution
(AD, CN, MCI), reflecting the diversity of Alzheimer’s disease
stages captured by MRI images. Balancing classes in training,
testing, and validation data is crucial to prevent learning
biases and ensure accurate model evaluation. For instance,
a significant imbalance in any set could lead to apparent
superior performance for the majority class, masking the
model’s deficiencies in correctly identifying other classes.

2) Purpose of balanced distribution: The goal of maintain-
ing a balanced class distribution is to allow the model to learn
uniformly from all pathological conditions without overfitting
to a particular class. This is particularly important in a medical
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context where each misdiagnosis or missed diagnosis can have
serious implications for patient treatment and management.

A comparative table is presented to visualize not only the
quantity of data available for each class but also to evaluate
the uniformity of distribution across different clients and the
global server. This comparative analysis demonstrates the
importance of carefully monitoring class distribution in data
sets to avoid learning biases and ensure diagnostic accuracy.
Careful management of these distributions directly contributes
to the robustness and generalizability of artificial intelligence
models in medical diagnostics.

C. Federated Learning Model Architecture

In our federated learning architecture for -classifying
Alzheimer’s disease MRI images, each local institution begins
with a data preprocessing process. This preprocessing includes
applying the Segment Anything (SAM) model to isolate rele-
vant brain areas. The images are then visually enhanced via
a ColorMap to highlight distinctions between brain regions.
Next, these images are resized and normalized to match the
input specifications of the EfficientNet-B3 model, used as the
base for local training (Fig. 6).

] Aggregation and Update Global
d Model
) @ ——
N

(3) ()] sending Parameter

Federated Leaning:
Horizontal Architecture

()
1%
Institution 1

@M\@éf_}

i
Institution 2

«&J v
Data Preprocessing ‘—»gﬁ}é Fitting, sending and Update Local Model

Fig. 6. Our federated learning architecture.

Each institution trains a local instance of the EfficientNet-
B3 model initialized with pre-trained ImageNet weights to
exploit generic visual features learned from a wide range of
natural images. This allows the model to converge faster and
improve its ability to generalize from features learned from
MRI images. Local training is conducted on each institution’s
specific data, ensuring that the model adapts to local data
nuances without compromising data confidentiality. Once local
training is completed, each institution’s model weights are en-
crypted and sent to a central server. This server aggregates the
received weights using the FedAvg algorithm, which calculates
a weighted average of the model updates. The FedAvg formula
is expressed as:

N
1
Wylobal = N § NEpWg
k=1

where wgyopq1 Tepresents the updated global weights, NV is
the total number of clients, and wy, are the local model weights
of the k-th client. This formula equitably considers each local
model’s contributions, reflecting a synthesis of diverse learning
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across different data sets. The objective function, often a cross-
entropy loss in classification tasks, is defined to minimize the
model’s prediction error. The cross-entropy loss function is
formulated as:

N ©
L=- Z Z Yij log(pij)

i=1 j=1

where C' is the number of classes, y;; is a binary indicator
(0 or 1) if the class label i is the correct classification
for observation j, and p;; is the predicted probability for
observation j to belong to class ¢. This function pushes the
model to improve its accuracy and reliability by adjusting the
weights to minimize overall classification error.

D. Performance Evaluation

The model’s performance was evaluated using a series of
standard metrics, including accuracy, recall, specificity, and the
area under the ROC curve (AUC). Evaluations were conducted
on both an internal validation data set and the OASIS data
[24] set to assess the model’s generalization capability. Cross-
validations were also performed to test the model’s stability
and reliability across different data subsets. This helped iden-
tify potential performance variations due to the specificities of
each site’s data, crucial for future model adaptation to other
clinical or research contexts.

VII. EXPERIMENTAL CONFIGURATION
A. Experimental Protocol

The experimental phase of this study was designed to com-
prehensively validate the federated learning model’s ability to
process and analyze MRI images in the context of Alzheimer’s
disease. The experiments were structured in several key steps
to evaluate both the individual effectiveness of local models on
each client’s data and the effectiveness of the aggregated global
model on an independent test dataset. Each client initially
performed local training cycles on their own data. This local
phase aimed to optimally adapt the model to the specificities of
each site’s data before contributing to federated learning. The
local model parameters were then sent to the central server
for aggregation. The updated global model was redistributed
to clients for a new iteration, repeating this process until the
global model converged.

B. Model Architecture

The model architecture is based on EfficientNet-B3, pre-
trained on the ImageNet dataset. The model accepts input
images of size 224x224 pixels and has been adapted to
process grayscale MRI images. This architecture was selected
for its ability to extract complex features while minimizing
computational complexity.

C. Training and Evaluation Parameters

Training parameters, including learning rate, number of
epochs, and batch size, were carefully selected to optimize
performance while minimizing the risk of overfitting. Below
are the primary parameters used in the experiments:
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1) Learning rate: Initially set at 0. 001, it was adaptively
adjusted based on the model’s performance during training
phases. An exponential decay was applied, gradually reducing
the learning rate after every 5 epochs to prevent premature
convergence.

2) Number of epochs: Each client trained locally for a
total of 50 epochs to ensure adequate model convergence.
This number was determined based on observations of model
stability.

3) Batch size: A batch size of 32 was used for local train-
ing on each client, balancing memory usage and convergence
speed.

4) Optimizer: The Adam optimizer was chosen for its abil-
ity to adapt to different gradient magnitudes during training,
with standard parameters 57 = 0.9 and By = 0.999. This
provided more stable weight updates during iterations.

D. Performance Evaluation

To assess the performance of the federated models em-
ployed in this study for Alzheimer’s disease diagnosis using
MRI data, each client trained a model on their local data, and
the global aggregated model was evaluated on two standardized
datasets (ADNI and OASIS) to measure generalization. The
following key metrics were used for analysis:

1) Accuracy: Used to measure the overall correctness of
the model’s predictions.

2) ROC Curves and AUC (Area under the curve): Em-
ployed to assess the model’s ability to distinguish between the
different classes (Alzheimer’s, Cognitively Normal, and Mild
Cognitive Impairment).

3) Confusion matrix: Visualized the classification perfor-
mance in terms of true positives, false positives, true negatives,
and false negatives across the classes.

4) Loss: Tracked throughout the epochs to evaluate the
model’s learning progress and ensure it was not overfitting
the training data.

E. Data Distribution

The following Table I summarizes the data distribution
used for training, validation, and testing for each client and
the global model, providing an overview of the learning and
testing conditions.

TABLE 1. DATA DISTRIBUTION FOR TRAINING, VALIDATION, AND

TESTING

Client/Model Training Validation Test Total i
Client 1 4100 images 513 images 513 images 5126

Client 2 1964 images 245 images 246 images 2455

Client 3 1507 images 188 images 189 images 1884

Client 4 1284 images 161 images 161 images 1606

Global Model 984 images 215 images | 215 images 1414 (ADNI)
Generalization Test - - 215 images 215 (OASIS)

The generalization test focuses on the OASIS dataset [24],
which helps in evaluating the model’s adaptability to unseen
data.
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F. Testing Methodology
Performance was evaluated using the following criteria:

1) Accuracy and loss across epochs: Observed to monitor
the progression and stability of model learning. Accuracy
and loss graphs reveal trends of improvement or potential
adjustment needs.

2) ROC curves and AUC: The discriminatory ability of
models for each diagnostic class is quantified by the area under
the ROC curve (AUC).

3) Confusion matrices: Provide details on specific clas-
sification performance for each class, highlighting accuracy,
recall, and F1 score.

VIII. RESULTS

A. Client Architecture

This figure illustrates the architecture of clients within our
federated learning framework. The data is prepared from the
ADNI (Alzheimer’s Disease Neuroimaging Initiative) dataset.
The data undergoes several stages (Fig. 7):

1) Data preparation: ADNI images are prepared for train-
ing, validation, and testing of models.

2) Training: Models are locally trained on each client
using pre-trained weights from EfficientNet-B3, an advanced
convolutional neural network architecture.

3) Validation: The model performance is evaluated on a
validation set to adjust hyperparameters and avoid overfitting.

4) Testing: The final model is tested on independent data
to assess its generalization.

5) Client model evaluation: Model performance is evalu-
ated based on three classes: AD (Alzheimer’s Disease), CN
(Cognitively Normal), and MCI (Mild Cognitive Impairment).

\

e Clients Architecture in the FL N

Training Model .
Pretrained

P N EfficientNet-B3
/" EfficientNet-B3 \ weight

ﬁ‘
AD
Client Model on
Evauation )
e

Fig. 7. Client architecture in federated learning.
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ADNI
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The models use transfer learning techniques to en-
hance performance by utilizing pre-trained weights from
EfficientNet-B3. This architecture allows efficient model up-
dates while preserving local data confidentiality on each client.
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B. Centralized Server Architecture

The centralized server aggregates the model updates from
all clients and computes a global model using the FedAvg
algorithm. This global model is redistributed to the clients
for further iterations, ensuring continuous improvement of the
model’s predictive performance (Fig. 8).

Server Architecture in the FL

Globale Model Trainning Clients weight

[ Data preparation | preparation Train — Agreged
EfficientNet-B3
ADNI ‘ % Qq
) Validation — of
."«"

Test

Data preparation

OASIS

AD

Test Globale Model &
Evauation —
(ma )

Fig. 8. Centralized server architecture in federated learning.

C. Individual Client Performance

The Table II below summarizes the key performance met-
rics for each client at the end of the training process. It shows
accuracy, recall, F1 score, and AUC for the three diagnosed
classes: Alzheimer’s Disease (AD), Cognitively Normal (CN),
and Mild Cognitive Impairment (MCI).

The performance analysis of local models shows that each
client achieved satisfactory results with high accuracy and
significant AUC for each class.

D. Global Model Performance

The Table IIT below shows the global model performance
after aggregating the local models. It indicates exceptional
performance on the ADNI dataset and good generalization on
the OASIS dataset, confirming the effectiveness of federated
learning.

The global model results indicate outstanding performance
on the ADNI dataset and acceptable generalization on the
OASIS dataset, validating the robustness of the federated
learning approach.

E. Convergence Analysis

The analysis indicates that the federated model requires ap-
proximately 15% more iterations to converge compared to the
centralized model. Several factors contribute to this delay. In
federated environments, each node has a unique local dataset,
often varying in size and distribution. This heterogeneity can
slow down convergence, as local models learn at different
rates based on data quality and quantity, as observed by [26].
Clients with richer datasets tend to converge faster, while those
with less diverse data require more iterations. Communica-
tion delays also impact convergence. Aggregating weights or
gradients from geographically dispersed nodes can introduce
latencies, especially with varying network bandwidth. The
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TABLE II. SUMMARY OF CLIENT PERFORMANCE METRICS

Client Accuracy Recall F1 Score AUC AD AUC CN AUC MCI
Client 1 89% 87% 90% 0.96 0.97 0.98
Client 2 91% 91% 91% 0.93 0.95 0.93
Client 3 88% 88% 38% 0.95 0.87 0.91
Client 4 88% 89% 88% 0.94 0.96 0.91
Client 5 90% 89% 89% 0.92 0.94 0.95

TABLE III. GLOBAL MODEL PERFORMANCE
Dataset | Accuracy | Recall | F1 Score | AUC AD | AUC CN | AUC MCI

ADNI 96% 95% 95% 0.97 0.96 0.96

OASIS 85% 85% 85% 0.89 0.87 0.88

author in [5] emphasized that communication constraints are
a key challenge in federated learning, slowing down global
updates and requiring additional iterations. Node heterogeneity
in computing capacity further complicates convergence. Nodes
with differing processing speeds or intermittent availability
can disrupt the aggregation process, extending the convergence
time, as noted by [26].

FE. Empirical Demonstration

To illustrate the key observations made during the conver-
gence and performance analysis, we present accuracy and loss
curves for different clients. These curves help demonstrate how
local models converge over time and how variations in local
data distribution affect overall model performance.

Accuracy Progression per Client

W

—e— Client 1
—e— Client 2
—o— Client 3
—e— Client 4
—e— Global Model

Accuracy

0.0 25 5.0 75 10.0 125 15.0 17.5
Epochs

Fig. 9. Accuracy curves for different clients across epochs.

The accuracy (Fig. 9) and loss graphs (Fig. 10) provide
valuable insights into the behavior of federated models in
heterogeneous environments:

1) Accuracy by epochs: Some clients, such as Client 5
(Global Model), achieve high accuracy faster than others,
such as Client 4. This discrepancy can be attributed to better
local data quality or more diverse datasets available to certain
clients. This observation aligns with findings by [26], who
demonstrated that local data quality strongly influences the
convergence speed of models in federated learning.

2) Loss by epochs: Similarly, the reduction in loss is faster
for some clients compared to others. Clients with limited
resources or less diverse datasets show a slower reduction

Loss Progression per Client

8 —e— Client1
Client 2
—e— Client 3
—e— Client4
—o— Global Model

Epochs

Fig. 10. Loss curves for different clients across epochs.

in loss, requiring more epochs to achieve convergence. This
observation is consistent with the results from [1], who found
that federated models may require more epochs to converge,
particularly in environments with heterogeneous data.

These empirical results highlight several key aspects of
federated learning in practice:

e Clients with richer, more diverse datasets can achieve
higher accuracy and reduce loss faster.

e  Federated learning introduces additional complexity
in heterogeneous environments where clients have
varying amounts of data and computational resources.

e Communication delays and client-specific limitations,
such as intermittent availability or weaker hardware,
can impact the speed at which a federated model
converges.

These observations demonstrate the importance of careful
client management and the need for adaptive strategies to
ensure balanced learning across all participants in a federated
system. While federated learning has significant potential in
medical diagnostics, the challenges of managing heterogeneous
data and resource constraints must be addressed to maximize
the efficiency and accuracy of models.

G. Generalization Capacity of the Global Model

In this section, we analyze in detail the performance of the
Global Model (GM) on the ADNI and OASIS datasets, using
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the provided confusion matrices and ROC curves.

1) Performance of the Global Model (GM) on ADNI Data:
The evaluation of the Global Model on the ADNI dataset is
presented through the confusion matrix (Fig. 11) and the ROC
curve (Fig. 12).

Global Model with ADNI datasets - Confusion Matrix

True Label

80

® N ©
Predicted Label

Fig. 11. Confusion matrix of the Global Model (GM) on ADNI data.

- Alzheimer Class (AD): The model correctly classified 171
cases out of 178, with only 3 misclassified as CN (Cognitively
Normal) and 4 as MCI (Mild Cognitive Impairment).

- Cognitively Normal Class (CN): Out of 119 cognitively
normal individuals, the model correctly classified 113, with
2 misclassified as AD and 4 as MCI.

- MCI Class: For the 129 individuals with MCI, 123 were
correctly classified, 4 were misclassified as AD, and 2 as CN.

This confusion matrix shows very strong overall perfor-
mance of the model on ADNI, particularly for the Alzheimer’s
class, where the model displays very high precision.

The results are further confirmed by the ROC curve for the
ADNI dataset below (Fig. 12):

- AD Class: The AUC for the Alzheimer class is 0.97,
indicating that the model has a very strong ability to discrim-
inate this class from the others. - CN Class: The AUC for
the Cognitively Normal class is 0.96, also showing excellent
discriminatory ability. - MCI Class: The AUC for the MCI
class is 0.96, indicating similarly good performance for this
class as well.

2) Analysis of performance on ADNI: The results on the
ADNI data show that the Global Model performs very accu-
rately, with high AUCs for all three classes, each exceeding
0.96. This demonstrates that the model is well-suited to the
data it was trained on. The Global Model can effectively
discriminate between Alzheimer’s patients, cognitively normal
subjects, and those with MCI.

Vol. 16, No. 5, 2025

ROC Curve for Globale Model
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Fig. 12. ROC curve of the Global Model (GM) on ADNI data.

3) Performance of the Global Model (GM) on OASIS data:
To test the generalization capability of the model, it was also
evaluated on the OASIS dataset. The results from the confusion
matrix (Fig. 13) and the ROC curve (Fig. 14) are analyzed
below.

400
Global Model with OASIS datasets - Confusion Matrix

350

300

True Label

150

100

50

Fig. 13. Confusion matrix of the Global Model (GM) on OASIS data.

- Alzheimer Class (AD): The model correctly classified
431 cases out of 502, with 31 errors classified as CN and
40 as MCI. - Cognitively Normal Class (CN): Out of 356
cognitively normal individuals, 297 were correctly classified,
with 29 errors in AD and 30 in MCI. - MCI Class: For the
MCI class, the model correctly classified 314 cases out of 368,
with 29 errors in AD and 25 in CN.

These results demonstrate that the Global Model gen-
eralizes well on a previously unseen dataset, even though
there is a slight performance degradation compared to ADNI,
particularly for the Alzheimer’s and cognitively normal classes.
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The ROC curves for the Global Model on OASIS (Fig.
14) show respectable AUCs, though slightly lower than those
observed on ADNI.

ROC Curve for Globale Model

—— Class 0 (AUC = 0.89)
Class 1 (AUC = 0.87)
—— Class 2 (AUC = 0.88)

0.0+
0.0 02 04 06 ) 10
False Positive Rate

Fig. 14. ROC curve of the Global Model (GM) on OASIS data.

- AD Class: The AUC for the Alzheimer’s class is 0.89,
showing that the model retains a good ability to discriminate
this class, though slightly lower compared to ADNI. - CN
Class: The AUC for the Cognitively Normal class is 0.87,
which is acceptable but lower than the AUC obtained on
ADNI. - MCI Class: The AUC for the MCI class is 0.88,
slightly higher than CN but lower than the results observed on
ADNI.

4) Analysis of performance on OASIS: The results obtained
on the OASIS dataset show that the Global Model has a good
generalization ability, but with slightly lower performance
compared to ADNI. This difference is normal and expected,
given that the model was not trained on the OASIS data.
Despite this, the AUCs for all three classes remain close to
0.90, proving that the model can maintain a good level of
accuracy even on unseen data.

IX. DISCUSSION OF RESULTS
A. Local Model Performance

The local models performed well on their respective
datasets. For instance, Client 2 achieved 91% accuracy and
an AUC of 0.93 for Alzheimer’s disease (AD), while Client 1
achieved 89%, showing that data quality and diversity impact
results[27].

B. Global Model Performance

The global model, aggregated from local models, improved
overall performance, reaching 96% accuracy and 0.97 AUC
on ADNI. On the OASIS dataset, the accuracy was 85%,
confirming that the model generalizes well to unseen data
despite domain shift [28].

C. Comparative Result

To contextualize the performance of our federated model,
we compare our results with those of other state-of-the-art
methods from the literature. Table IV presents a summary
of the model performance (in terms of classification accuracy
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and AUC) for the proposed approach versus several published
methods on AD diagnosis tasks. As shown in the table, our
FL approach achieves competitive accuracy on the ADNI
dataset and maintains strong generalization on OASIS, while
inherently preserving data privacy. In contrast, most alterna-
tive methods report high accuracy only on the datasets they
were trained and tested on, without demonstrating cross-site
validation a limitation noted in several recent FL benchmarks
[29]. This comparison underscores that our federated model
attains similar or better accuracy than conventional centralized
models, with the added benefit of privacy preservation and
multi-center applicability.

TABLE IV. COMPARATIVE PERFORMANCE OF THE PROPOSED FL. MODEL
VS OTHER METHODS IN AD DIAGNOSIS

Method Dataset Accuracy AUC Reference
(Architecture)

Proposed FL ADNI (train/val) 96% 0.97 -
(EfficientNet-B3)

Proposed FL OASIS (external test) 85% 0.88
(EfficientNet-B3)

Pelka et al. (LSTM ADNI (Phase 1) 77% N/A [25]
> Branded)

Armonaite et al. ADNI (3-class) 85% N/A [30]
2023 (ResNet-3D)

Rana et al. 2023 Multiple (4-class) 97% N/A [8]
(EfficientNet-B2)

it can be observed that our federated learning approach
achieves accuracy on par with the best reported methods.
Notably, Rana et al. attained an accuracy of 97% on a
composite four-class dataset using a centralized deep learning
model, whereas our FL model reaches a comparable 96%
on ADNI while additionally proving its robustness on an
independent cohort (OASIS) [22]. Similarly, the ResNet3D
model by Armonaite et al. achieved around 85% on ADNI
three-class classification, which aligns with our model’s per-
formance on the external OASIS test set. Pelka et al. [25]
reported lower accuracy (77%) on ADNI when distinguishing
aMCI from healthy controls, likely due to the challenge of
limited data in single-site training. Overall, the inclusion of an
advanced segmentation step (SAM) and the federated training
across institutions allow our model to generalize better than
conventional approaches that lack cross-site validation. These
results demonstrate that our privacy-preserving FL framework
does not sacrifice performance; on the contrary, it yields
competitive accuracy and AUC while addressing the critical
issue of data confidentiality in multi-center studies.

D. Implications and Perspectives

In broader terms, this study demonstrates that FL can
be effectively applied to sensitive medical imaging data [4],
overcoming data confidentiality obstacles while enabling broad
collaboration between institutions. By training a shared model
on distributed MRI datasets, we showed that it is possible
to achieve high diagnostic accuracy without aggregating raw
data in a central repository [31] [20]. This has important
implications for clinical practice: a network of hospitals could
collaboratively train an AD diagnostic model on their com-
bined data holdings without any sensitive patient information
ever leaving local servers. Such a paradigm can accelerate
the development and deployment of Al tools in healthcare by
tapping into multi-center data resources that would otherwise
remain siloed [4] [5] [29].
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Beyond the immediate case of AD MRI analysis, our
federated approach lays a foundation for extending Al-driven
diagnostics to other imaging modalities and neurodegenerative
diseases. The methodology could be generalized to tasks like
PET imaging for AD or MRI-based detection of Parkinson’s
and other disorders, where sharing data is challenging. The
positive results obtained in this work suggest that concerns
about performance degradation under a federated scheme can
be mitigated with careful design (e.g. incorporating robust
preprocessing and validation on external data). Clinically, this
means that advanced diagnostic models trained via FL could
be deployed across diverse healthcare sites with minimal loss
in accuracy, ensuring that patients everywhere benefit from
state-of-the-art Al diagnostics.

There are also broader perspectives in terms of research
and policy. Federated learning addresses key ethical and le-
gal issues by keeping patient data local, which facilitates
compliance with privacy regulations [32] [33]. This feature
can encourage cross-institutional collaborations that were pre-
viously hampered by privacy concerns [4]. Moreover, the
success of our approach underscores the potential of FL to
produce generalizable models; this is particularly valuable in
medicine, where model overfitting to a single data source can
limit real-world applicability [14] [29]. We anticipate that the
adoption of FL in medical imaging will continue to grow,
paving the way for larger-scale studies that leverage diverse
datasets to build more robust and equitable Al systems [20].
Ultimately, our work contributes to a paradigm shift in how
sensitive biomedical data can be used to drive innovation: by
sharing models instead of data, we can unlock insights from
previously untapped multi-center repositories and accelerate
the translation of AI advances into clinical benefit.

X. LIMITATIONS OF THE STUDY

Despite the promising results, this study has several limita-
tions that should be acknowledged. First, while our federated
model demonstrated good generalization on the OASIS dataset,
there was a noticeable decrease in performance (85% accuracy)
compared to the ADNI dataset (96% accuracy). This drop,
although expected when testing on completely independent
data, warrants further investigation to identify specific fac-
tors related to dataset shift or inherent differences in data
characteristics between ADNI and OASIS that might not be
fully captured by the SAM preprocessing or addressed by the
FedAvg aggregation strategy.

Second, our convergence analysis indicated that the fed-
erated model required approximately 15% more iterations to
converge compared to a theoretical centralized model. While
we attribute this to data heterogeneity and communication
latencies inherent in FL, future work should explore more
advanced aggregation algorithms beyond FedAvg that might
offer faster convergence or better handling of statistical het-
erogeneity.

Third, SAM was used for automated brain region segmen-
tation. While SAM is a powerful tool, its performance can
vary across different medical imaging modalities and specific
tasks. Further fine-tuning of SAM or comparison with other
state-of-the-art segmentation models specifically optimized for
brain MRI could potentially enhance segmentation accuracy
and, consequently, diagnostic performance [34].
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Finally, this study focused on MRI data. The integration
of other data modalities, such as clinical scores or genomic
data, within the federated learning framework was not explored
but represents an important avenue for future research to
potentially improve diagnostic accuracy and provide a more
holistic understanding of AD.

XI. CONCLUSION

In this paper, we presented a novel federated learning
approach for Alzheimer’s disease diagnosis using MRI, imple-
mented with the Flower framework. Our methodology com-
bined automated brain region segmentation (via SAM) with
a privacy-preserving FL training procedure across multiple
hospital datasets. This strategy allowed us to achieve high
accuracy in distinguishing AD, MCI, and cognitively normal
subjects, while validating the model’s generalization on an
independent cohort. The results confirmed that an FL-trained
model can perform on par with state-of-the-art centralized
models, even when evaluated on unseen data, thus effectively
addressing the challenge of data siloing. Overall, the proposed
approach demonstrates that collaborative learning across in-
stitutions is feasible without compromising data privacy or
diagnostic performance. This has significant implications for
clinical research, as it enables the development of Al models
that benefit from vastly larger and more diverse datasets than
any single center could provide[cite: 300]. By preserving
patient confidentiality and still achieving robust generalization,
our work paves the way for broader adoption of federated
learning in medical imaging.

Future work will aim to address the limitations identified in
this study by: 1) investigating methods to further improve gen-
eralization performance across highly heterogeneous datasets,
potentially by exploring domain adaptation techniques within
the FL framework; 2) exploring more sophisticated aggregation
techniques beyond FedAvg to enhance convergence speed and
robustness to statistical heterogeneity; 3) conducting further
research on optimizing segmentation models like SAM for
specific neuroimaging tasks or comparing them with alter-
natives; and 4) expanding this framework to other imaging
modalities and diseases, and integrating additional data types
(such as clinical or genomic data) in a federated setting. We
conclude that federated learning is a promising paradigm for
multi-center medical Al studies, offering a pathway to more
generalizable and trustworthy models in Alzheimer’s disease
diagnosis and beyond.
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