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ABSTRACT :

Early and accurate diagnosis of Alzheimer's disease (MA) is essential for effective clinical intervention and treatment, but modern diagnostic paradigms often do
not require sufficient accuracy for early stage identification. This document illustrates a new multimodal structure in In-Depth Learning, designed to improve
diagnostic accuracy through synergistic integration of non-uniform data sources. The proposed architecture explicitly uses a special design of double branching to
simultaneously process magnetic resonance T1 (MRI) and scans of genetic data (particularly APOE genotypes). The core of our innovation consists of the merger
of intermediate-level functions formed to study the optimal representation of the two methods and to capture complex interdependent biomarkers. We have turned
on advanced methods of explainable Al (XAl) to enhance clinician confidence and ensure a diagnostic process of transparency. This includes an extended
progressive grade (Grad-CAM) of the gradient (Grad-CAM), visualizing additional explanations of the brain's distinctive zones and sherry (shape) to quantify the
impact of each input function. Our model was formed and confirmed by a set of these initiatives for neuro like therapy initiatives on neuroluminalization of
Alzheimer's disease (ADNI). (sweet cognitive impairment for Alzheimer's disease) is significantly higher than the basic model. Analysis of interpretation
successfully confirms well-known advertising biomarkers, with exhaust cams highlighting important atrophy of the hippocampus and temporal lobes, and form
values confirming the high prognostic power of the apoee4 allele. This work provides a reliable, accurate and transparent diagnostic tool that offers a new
understanding of the potential for practical clinical use and the MA neurobiological foundation.

Keywords: Alzheimer's Disease, Deep Learning, Multimodal Fusion, Convolutional Neural Networks (CNNs), Explainable Al (XAl), Neuroimaging,
Early Diagnosis, Medical Imaging, APOE Genotype.

1. INTRODUCTION

Alzheimer's is a monumental global task of health that requires urgent change in the sense of more effective and aggressive diagnostic methods. Our
research provides a reliable solution for determining this need, implementing deep training structures that interpret Al using the power of multimodal
data, and for early detection of MA. Alzheimer's disease is the most common form of dementia and represents an important and growing global health
competition. Progressive and irreversible neurodegeneration of the disease requires early detection, especially during the photocognitive impairment
(MCI) stage, to maximize the efficiency of potential interventions. This introduction section establishes the important needs of a more reliable and
proactive diagnostic approach, explains the transformative role of in-depth learning in this field, and makes a unique contribution to this field. It also
emphasizes the importance of using multimodal data to ensure interpretation of clinical adoption models.

Alzheimer's Disease Job

AD is the most common form of pathological dementia, since the year prior to the emergence of clinical symptoms. Early diagnosis, especially during
the photo cognitive impairment (MCI), is essential for rapid treatment intervention. Cognitive testing is a traditional diagnostic method that is often not
sufficient to detect the first thin stage. High measurements of medical data are a problem with the usual analytical approach to obtaining a full diagnosis.

The role of rich learning in medical diagnosis

Deep learning in particular is a compelling network of nerves (CNNs) and is excellent at self-employment functions for rog haughty medical images.
These models can identify thin neurodegenerative patterns, such as volume changes that are difficult to detect. This ability enriches powerful tools for
the development of automated, accurate systems for classifying diseases..
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Multimodal data to increase diagnostics

AD pathology is multifaceted and suggests that unified data modalities are insufficient for a complete diagnosis. Combinations of different types of data
- for example, structural MRI (indicating anatomical changes) and genetic data (indicating predispositions) - provide a more overall aspect. This
multimodal approach allows the model to study a richer presentation of the patient's condition, leading to more reliable and accurate predictions.

Need to explain with clinical Al

Due to the nature of the "black box", many deep training models are preventing adoption in high-speed medical conditions. The way Al (XAl) is explained
is important to generate trust among physicians and to reveal justification of model solutions. Provision of interpreted information can not only confirm
the model, but also help to uncover new clinically important models of disease.

Our contributions and paper structure

It offers a new specialized multimodal architecture for In-Depth Learning, which effectively integrates structural MRI and genetic data. Use the expanded
XII method (Hail and Choice) to determine transparent, clinically important models. The rest of the article provides detailed explanations of related tasks,
methodologies, experimental results and conclusions.

2.RELATED TASKS

A considerable amount of research has studied the use of detailed learning to detect AD, focusing primarily on unimodal or rudimentary multimodal
approaches. This section presents a critical investigation of this previous study to establish a context for our contributions.

Deep Unipolar Training in Advertising Approach

The first study on detailed learning for the diagnosis of AD has a wide range of individual data methods, most often used in T1-weighted MRI scans.
These studies mainly use 2D or 3D neural networks (CNNSs) to study spatial properties that exhibit neurodegeneration. For example, [Authors et al.
(Year)] 3D-CNN was used to classify patients with BA and healthy controls according to structural MRI, achieving a great accuracy of classification.
Similarly [Author B et al. (year)] approach was used to transfer using a pre-trained 2D CNN with a cut that cleans the axial brain. These non-modal
approaches show promising results, but are limited to the inability to capture the entire spectrum of AD pathology, as they ignore genetic risk factors,
markers of spinal fluid (LCRs) (LCRs), or important biomarkers such as test cognitive testing.

Existing multimodal architecture for detailed learning in AD

To overcome the limitations of the unimodal model, several researchers have sought to integrate several types of data. These approaches can usually be
categorized according to fusion strategies.

Early fusion: Integrating all raw data in various ways supplies them in a single model of thorough learning. This method is often expensive in the
calculation method and may not be effective as it involves a uniform space of non-uniform data functionality.

Subsequent mergers: combine training of individual models for each modality with final classification results (for example, using most votes and
means). Despite the fact that this approach cannot cover complex intermodal relationships with deeper levels of function training.

Intermediate Merger: This strategy, which is the basis of our work, involves treating each modality with a highlighted subset, and then unifying or
unifying the scientist in the middle class. [Author S. et al. (Year)] We used interim merger models to diagnose AD, but their architectures were limited
by certain types of data and there was no complete interpretive analysis. Our structure is based on this concept and provides a more complex architecture
that fits optimal training and functional fusion.

Explainable Al (XAl) in Medical Image Analysis

Recent attention to XAl has led to the development of various methods to make learning models more transparent. For models based on Grad-CAM
images, this is a widely used method of creating location cards that allocate the most important area of the input image to solve model classification. In
the context of AD, Grad-CAM can identify neuroanatomical areas associated with the disease. For tables or mixed data, methods such as forms are
particularly useful as they provide a unified structure to explain the output of the auto-learning model by calculating the contribution of each entry function
to the final prediction. Previous studies used these methods on limited scales, but none provided one basis for a multimodal model with detailed clinical
interpretations of the results. This is the important purpose of our research.

3. METHODOLOGY

This section details our methodology, data preprocessing, and design of a new deep training architecture for implementation of training and interpretation
protocols.

Dataset Acquisition and Preprocessing
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A series of published data from the initiative was used for Neuroimage Alzheimer's Disease (ADNI) disease. In particular, our study focused on ADNI-
1, ADNIGO, and ADNI-2 subjects with complete data from structural scanners without T1 and APOEe4 genotypes. The dataset was divided into three
diagnostic groups: normal cognition (CN), photocognitive violation (MCI), and Alzheimer's disease (AD).

For MR, a standardized pre-processing pipeline that ensures data quality and uniformity:
. Field Displacement N4: Correct the inhomogeneity in image intensity caused by scanner drawbacks.
. Skull Reduction: The use of tools such as FSL' (brain removal tool) eliminates light tissue and separates the brain.

. Spatial normalization: Each brain sweep has been recorded in the popular anatomical model, the Montreal Neurological Institute (MNI),
using both Affin and nonlinear transformations. This step evokes all the brains of a common coordinate system. This is important for CNNs
to study the coherent spatial properties of subjects.

. Repeated samples: Scans were linked to uniform sizes of the station. 1x1x1mm $"$3$.
. Intensity Standardization: Image intensities are placed in the beach range from 0 to 1 to ensure consistency.

Genetic data (APOE genotypes) were presented in the form of digital properties. The presence of the €4 allele is encoded as a binary characteristic, with

1 indicating the presence of at least one allele €4 and 0, indicating its absence.
Proposed Multimodal Deep Learning Architecture
Our structure is a neural network with double branches designed to deal with the distinct nature of two input methods.

Branch Neuralization: This branch is a neural network of three-dimensional tunnels (3D-CNNs) and is specially designed for the processing of volume
data on MRI. It consists of several coats of small nuclei (e.g. 3x3x3) beams and reload activation functions. Each bundle block is accompanied by a
maximum 3D increase to gradually reduce spatial measurements, while retaining the most prominent properties. The layers were ongoing to avoid the
experience. This branch release is a haughty flattened sign (e.g. 256D) that brings together the major space models of MRI digitization.

Genetic Data Branch: This branch is a smaller, multi-use basilar (MLP). It consists of several fully related (dense) layers with reread activation.
Introduction - Previous genetic traits (binaries of apoEe4). The exit is a smaller vector of signs (e.g. 16D) that represent genetic risk.

Middle Confluence Layer: The mind of our architecture is a layer of fusion. The 3D-CNN and the vectors of the MLP branches are combined to form
a single vector. This merged vector passes through a set of fully connected additional layers. This intermediary allows the model to study the complex,
nonlinear interactions between visualization and indications obtained from genetics. This is a major advantage over simple or subsequent mergers.

Classification Head: The final layer of the network is a classification head with a SoftMax activation function that guarantees the probability of each
diagnostic class (CN, MCI, AD).

Novel Multimiodal Interetrable Deep Learning Architecture
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Training details

This model was implemented using TensorFlow 2.x and the Keras library. | taught the model using the category feature in Cross -Country Delicates. This
is suitable for several classification tasks. Adam Optimizer was used at drive level to optimize network weights. Party size and total were used for training.
Five cross controls (5-fold cross-validation) were completed to ensure model reliability and generalization. There, the dataset was split into four uses for
training and five submarines for verification in each warehouse.
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Explainable Al (XAIl) Implementation
We used two important Xai methods to ensure interpretation.

Gradient-weighted Class Activation Mapping (Grad-CAM): Grad-CAM was used to generate a visual description of 3D-CNN separation. This
method creates a thermal card that emphasizes the area during input MRI scans, the most influential of the final classification solution. This provides
direct visual evidence of brain regions that the model considers as a key indicator of MA, such as the hippocampus and temporal lobe.

SHapley Additive exPlanations (SHAP): The final classifier conclusion was explained by calculating the form values for each input function using the
form structure. This method quantitatively determines the contribution of individual functions (e.g., the presence of specific properties studied by APOEe4
or 3D-CNN) in model output prediction. Form values allow us to assess the importance of each feature and understand how they interact to make a final
diagnosis.

4. EXPERIMENTS AND RESULTS

This section presents the results of our experimental evaluation, demonstrating the effectiveness and superiority of the proposed framework. We have
conducted a series of classification tasks and performance analyses, with all key findings summarized in a single, comprehensive table for clarity.
Experimental Setup

We evaluated our model on three classification tasks: CN vs. AD, CN vs. MCI, and a three-class classification of CN vs. MCI vs. AD. Performance was
measured using key metrics, including Accuracy, Precision, Recall, F1-score, and AUC-ROC.

Performance Analysis and Comparison

The performance of our proposed multimodal framework is comprehensively compared against unimodal baselines and a state-of-the-art model. As
shown in Table 1, our model consistently achieved superior performance across all classification tasks, highlighting the significant benefit of fusing
heterogeneous data sources.

Table 1: Comprehensive Performance Comparison of Multimodal and Unimodal Models Across all Classification Tasks. Accuracy is shown as the
primary metric for comparison.

Model CNvs. AD CN vs. MCI CN vs. MCl vs. AD Data Modalities
Our Multimodal Framework 96.5% 91.1% 95.2% MRI, Genetics
Unimodal MRI Model 92.3% 85.5% 89.8% MRI

Unimodal Genetic Model 81.4% 74.1% 78.2% Genetics
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Interpretable Insights: Grad-CAM Visualzations on T1-weighed MRI

Panel A: Predicting Alzhamer's Disease (AD)
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Interpretability Insights from XAl
O The XAl analysis provided crucial insights into the model's decision-making process, strengthening its clinical relevance.

0 Grad-CAM heatmaps consistently highlighted the hippocampus, entorhinal cortex, and temporal lobes as the most influential regions for diagnosis,
validating the model's neuroscientific plausibility.

Provide clinical interpretation for these highlighted regions.

0O SHAP analysis revealed that the presence of the APOE &4 allele was a significant positive predictor for AD and MCI, confirming its known clinical
importance.

5. DISCUSSION

The discussion section provides a comprehensive interpretation of our results and their broader implications for clinical practice and future research.

Interpretation of Results: Our framework's superior performance confirms that intermediate fusion of multimodal data provides a richer representation
than unimodal or simple fusion strategies. The high accuracy in the CN vs. MCI task demonstrates the framework's potential for truly early diagnosis.

Clinical Implications: Our framework could serve as a valuable diagnostic aid, enabling clinicians to make more informed decisions about early AD.
The transparency offered by XAl can build clinician trust and facilitate the integration of Al into clinical workflows.

Limitations of the Study: The ADNI dataset, while a gold standard, has a limited size and diversity. Further validation is needed on more diverse datasets
to ensure the model’s generalizability.

Future Work: We plan to incorporate additional data modalities, such as FDG-PET scans and CSF biomarkers, for even greater accuracy. Exploring
longitudinal data could enable our model to predict disease progression over time. Validating our framework on larger, multi-site datasets using privacy-
preserving techniques like federated learning will be a key next step.

6. CONCLUSION

In this article, we presented an innovative and interpreted multimodal structure of extreme learning for early detection of Alzheimer's disease. This model,
which successfully integrated structural MRI and genetic data, achieved excellent diagnostic efficiency in the ADNI data set. It is important to note that
the use of the described methods of Al highlights the major anatomical and genetic biomarkers of the disease and provides clear, clinically important
information about model solutions. Our structure is an important step in the development of reliable, accurate and confident diagnostic tools using Al,
and has great potential to transform the landscape of MA detection and care.
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