Expert Analysis: Integrated
Architectures and LLM-Driven
Diagnostics for Alzheimer’s Disease

|. Executive Synthesis: The Mandate for Trustworthy
and Integrated Al in Alzheimer’s Diagnostics

1.1. The Foundational Challenge: Data Hunger versus Privacy
Mandates

The effective advancement of deep learning models for complex tasks such as Alzheimer’s
Disease (AD) diagnosis is fundamentally contingent upon access to expansive, heterogeneous
datasets. These computational systems require training on vast quantities of sensitive medical
information, including high-resolution Magnetic Resonance Imaging (MRI) scans, longitudinal
Electronic Health Records (EHRs), and genetic markers.'

This imperative for large, diverse data pools creates a direct and critical conflict with stringent
patient data privacy and security mandates, such as those governed by HIPAA and GDPR. The
traditional centralized approach to Artificial Intelligence (Al) model training, which requires
physically pooling data from multiple institutions, introduces significant legal and ethical risks
that impede research collaboration and clinical deployment.’

The resolution to this data governance conflict mandates a paradigm shift toward
decentralized technologies. The powerful consensus emerging across research indicates that
the fusion of Federated Learning (FL) with Blockchain technology offers a robust and
viable pathway forward. FL provides the mechanism for collaborative model training without
requiring the sharing or centralization of sensitive patient data, while Blockchain establishes a
secure, auditable, and immutable foundation of trust and data integrity.



1.2. The Unified Strategic Roadmap

Current research suggests that the field of AD diagnostics is maturing, moving beyond
single-modality exploratory studies (e.g., focusing solely on speech or imaging) toward
integrated systems that comprehensively mimic the multi-disciplinary nature of a complete
clinical assessment.

The combined strategic roadmap requires not only secure data infrastructure but also
scalable, clinically actionable diagnostic utility. This involves a multi-tier workflow that
leverages specialized Large Language Models (LLMs) for high-throughput screening,
transparent in-clinic assessment, and long-term risk monitoring. A strategic precondition for
success is ensuring that the secure architecture established by Blockchain and FL is the
non-negotiable foundation that enables the trustworthy training and auditable deployment of
these advanced multi-tier LLM systems. Any failure in the security or auditability layer
compromises the utility of even the most accurate clinical prediction.

ll. Architectural Blueprint for Secure and Scalable Data
Collaboration

This section establishes the technical foundation for secure data exchange and model
training, detailing how existing frameworks address trust and privacy and outlining necessary
architectural evolutions to ensure clinical viability at scale.

2.1. The Synergy of Federated Learning and Blockchain

The integration of Federated Learning and Blockchain addresses the two principal barriers to
collaborative medical Al development: privacy and trust.

Federated Learning (FL) for Privacy provides the methodology for deep learning models to
be trained across distributed datasets hosted at disparate healthcare institutions. Crucially,
the sensitive patient data never leaves its localized, source environment. Instead, only model
updates, such as gradient information, are aggregated globally. This mechanism guarantees



privacy by design, upholding the strictest standards of patient confidentiality.

Blockchain for Trust and Security serves as the immutable security layer. It creates an
unchangeable, verifiable ledger where all model transactions, updates, diagnostic results, and
contributions are logged. This feature provides the essential audit trail necessary for

regulatory compliance and guarantees that the integrity of the global Al model cannot be
compromised or tampered with by malicious actors. One specialized implementation, the
"Tawny Flamingo" framework, further utilizes this technology to secure its underlying

database through a proprietary "double-range access control" scheme.

2.2. Comparative Analysis of Secure Frameworks

Research has yielded distinct approaches to implementing this synergy, categorized here by
their level of abstraction and innovation:

Framework Security/Cons | Data/Model Primary Critical
ensus Strategy Innovation Limitation
Mechanism
BCFTL Proof of Work Multimodal Leveraging High
Blockchain Data, Transfer standard tools computational
Learning in secure FL cost (PoW);
(VGG16) context Centralized
coordinator
“Tawny Custom Master-Slave Proprietary, Low
Flamingo" Double-Range FL, Bespoke highly reproducibility
Access Control Feature specialized ("black box");
Extraction algorithms Centralized
Master Node
Conceptual Blockchain for Off-chain Solves the Theoretical
(Alsambhi et Hashing/Trust Decentralized scalability architecture;
al.) Storage (IPFS) challenge for Does not detall
large medical model training
files (e.g., specifics
MRIs)




The BCFTL Framework is presented as an implementation-ready system built on four clear
pillars: multimodal data integration (MRI scans and clinical records), Transfer Learning utilizing
the established VGG16 model, Federated Learning for privacy, and a Proof of Work (PoW)
Blockchain for auditing. Its strength lies in its use of standard, reproducible tools. In contrast,
the "Tawny Flamingo" Framework focuses intensely on innovation within the Al pipeline
itself. It uses a Master-Slave FL system and achieves state-of-the-art results through highly
specialized, "black box" algorithms, including a custom CUF-GW algorithm for image
segmentation and an Ensemble Deep CNN classifier optimized by a unique Tawny Flamingo
algorithm. While highly accurate, its reliance on custom-named algorithms limits
reproducibility.

2.3. Strategic Evolution: Achieving Resilience and Efficiency

Current implementation models exhibit two primary architectural limitations that must be
addressed for viable clinical adoption.

Mitigating the Centralization Flaw

Both the BCFTL and "Tawny Flamingo" frameworks rely on a central coordinator—a Federated
Server or a Master Node, respectively. This centralized reliance creates a significant
vulnerability: a single point of failure that could disable the entire network if compromised or
taken offline.” Furthermore, this central server acts as a communication bottleneck and
requires all participating clients to trust this single entity to correctly aggregate model
updates and safeguard information.

This vulnerability contradicts the core security premise established by the blockchain
foundation. For trust to be truly robust and decentralized, the central coordinating element
must be eliminated. The necessary architectural evolution is the transition to Decentralized
Federated Learning (DFL)." DFL frameworks eliminate the central server, allowing clients to
communicate directly with one another in a peer-to-peer network. This enhances overall
system robustness, eliminates the single point of failure, and mitigates the need for
participants to fully trust any single entity with the entire training process.’

Overcoming PoW Inefficiency



The BCFTL framework’s reliance on the Proof of Work (PoW) consensus mechanism
introduces high computational cost and slow transaction speeds, making it unsuitable for
real-time clinical use.! The performance requirements for rapid diagnostics necessitate
exploring efficient consensus mechanisms.

While Proof of Stake (PoS) is recognized as a more energy-efficient alternative that relies on
staked collateral rather than computational expenditure ', the most compelling future path is
the adoption of advanced cryptographic solutions such as

Zero-Knowledge Proof of Training (ZKPoT). ZKPoT utilizes the zero-knowledge succinct
non-interactive argument of knowledge proof (zk-SNARK) protocol. This approach verifies
that participating nodes have performed their requisite model training successfully and
validates their performance contributions without disclosing the sensitive details of their local
model updates or training data. By replacing energy-intensive cryptographic puzzles with
verifiable model training performance, ZKPoT ensures that the secure network is fast and
efficient enough for clinical application while maintaining privacy and integrity without the
centralization risk inherent in PoS.’

Solving the Data Scalability Problem (IPFS Integration)

A practical challenge often overlooked by implementation-focused frameworks is the storage
of prohibitively large medical files, such as multi-gigabyte MRI datasets. The Conceptual
Framework by Alsambhi et al. directly addresses this challenge by proposing the integration of
off-chain, decentralized storage solutions, specifically the InterPlanetary File System
(IPFS). Under this mechanism, large files are stored efficiently on IPFS, and only their secure,
immutable hash is recorded on the computationally expensive blockchain ledger. This solution
ensures data integrity and verifiability while resolving the critical scalability problem inherent
to storing bulk data directly on the blockchain.

lll. Advanced LLM Systems: The Multi-Tier Diagnostic
Strategy

The integration of specialized LLMs moves the clinical practice of AD detection beyond simple
binary classification toward comprehensive risk stratification and granular phenotyping. This



advancement is structured as an integrated, multi-tier strategy that efficiently manages
clinical resources and maximizes diagnostic acuity.

3.1. The Multi-Tier Workflow Paradigm

The proposed integrated pipeline is designed to manage patients efficiently by deploying
models appropriate for specific phases of the diagnostic journey: Tier 1 (Frontline
Screening/Triage), Tier 2 (In-Clinic Multimodal Assessment), and Tier 3 (Long-Term Risk
Monitoring).

The LLM is positioned as a core computational utility throughout this process. Its functional
versatility extends beyond analyzing natural language; it acts as a central data synthesizer, a
feature extractor for multimodal data, and a generator for structured clinical reports, ensuring
that complex inputs are translated into clinically actionable formats.

3.2. Tier 1: Frontline Triage via Stacked Fusion Ensembles

The first tier utilizes language-based classifiers employing Stacked Fusion Ensembles for
high-throughput, low-friction triage. This stage is designed to quickly flag individuals
requiring further assessment using easily acquired data, such as short speech or brief writing
samples derived from corpora like the Cookie Theft Picture Corpus (CTPC) and the
Alzheimer's Disease Blog Corpus (ADBC).

Feature Synergy and Performance Acuity

High diagnostic performance in this tier relies on the strategic fusion of heterogeneous
feature sets. These models integrate high-level, human-meaningful indicators alongside
low-level, abstract patterns:

1. Lexicosyntactic Features: High-level metrics capturing linguistic decline, such as
Type-Token Ratio (TTR), average word and sentence length, idea density, and proposition
densities. These features are engineered to be interpretable clinical indicators.

2. Character N-gram Spaces: Low-level character bigrams and trigrams are used to
capture latent stylistic and morphological patterns, particularly effective in analyzing



short or noisy text samples.

The necessity of combining high-level interpretable features with low-level character N-grams
demonstrates that AD manifests in subtle shifts in stylistic patterns that are inaccessible to
human linguistic analysis, confirming the critical role of sophisticated Al in detection. This
fusion approach has consistently yielded state-of-the-art results, achieving high diagnostic
acuity with Area Under the Curve (AUC) metrics consistently above 0.98, and reaching up to
~99.2% in linked experiments using purified base sets.' This robust performance validates its
suitability for efficient, resource-conserving initial triage.

IV. Clinical Workflow Integration: Assessment,
Monitoring, and Interpretable Feature Engineering

4.1. Tier 2: Transparent In-Clinic Assessment (Multimodal LLM)

For patients flagged in Tier 1, the workflow escalates to Tier 2, focusing on comprehensive
assessment using interpretable Al. This stage involves recording brief multimodal media
during Mini-Mental State Examination (MMSE)-like tasks, including videos (e.g., paper
folding), images (e.g., pentagon drawing, handwriting), and audio recordings.

The LLM as an Interpretability Enforcer

In this multimodal pipeline, the LLM’s primary function is not prediction, but rigorous feature
extraction and interpretation enforcement. The LLM translates complex, raw, unstructured
inputs (such as video footage of a motor task) into concise, structured, and quantifiable
metrics designed explicitly for clinician review. Example output metrics include
MotorCoordination, ShapeCompleteness, ResponselLatency, and Speech Fluency.

This mechanism is necessary for clinical adoption because clinicians cannot efficiently audit
raw video or imaging data. The LLM successfully balances powerful computational analysis
with the prerequisite for clinical utility by structuring and simplifying complex clinical inputs
into forms compatible with auditable models.



Ensuring Transparency through Explainable Al (XAl)

To provide the necessary justification for clinical decisions, this component is strategically
paired with Explainable Al (XAl) mechanisms.

e Decision Trees (DTs): DTs are trained on the engineered, structured features to derive
compact, readable rule lists that explicitly expose the prediction pathways used by the
system.”

e Counterfactual Explanations: These modules are employed to provide individualized
“what-if" analyses, generating the minimal feature changes required to flip a prediction
(e.g., "if the patient’s MotorCoordination score improved by one point, the prediction
would change").’

This XAl integration ensures that the pipeline preserves transparency while enhancing
screening sensitivity, delivering high-resolution screening evidence alongside essential
justification for clinical action.

4.2. Tier 3: Long-Horizon Risk Monitoring (CARE AD Multi-Agent
System)

The third tier is focused on long-term risk assessment and context provision, utilizing the
CARE AD multi-agent framework. This specialized LLM system is designed to analyze
longitudinal clinical notes sourced from EHRs.

Architecture and Performance

The CARE AD framework employs specialized LLM agents that simulate distinct clinical roles
(e.g., geriatrics, neurology, psychiatry). These agents evaluate longitudinal symptom
profiles—including Cognitive Impairment, Functional Decline, and Neuropsychiatric
Symptoms—that have been extracted from the clinical notes. A supervising AD specialist
agent then synthesizes these domain-specific assessments to provide risk estimates across
multiple horizons, spanning from one day up to ten years prior to documented diagnosis.

The system demonstrates high accuracy at near-term horizons (~0.83 accuracy at -1 day prior



to diagnosis). While performance naturally declines with time, reaching approximately 0.53
accuracy at the -10 year horizon due to sparse longitudinal data, this performance is
significantly higher than baseline single-model approaches at long horizons." The multi-agent
design strategically enhances long-horizon sensitivity by integrating complementary domain
perspectives. This confirms that specialized, role-based reasoning is essential for successful
long-range risk stratification, maximizing the informational value extracted from subtle,
temporally distributed signals that a single, generalized model might overlook.

The strategic deployment of these models ensures that complementary evidence is delivered
at each stage, mitigating physician overload: Tier 1 provides sensitive early signals, Tier 2
offers high-resolution screening evidence with transparency, and Tier 3 furnishes long-term
context and domain-aware risk forecasting.

V. The Integrity Mandate: Governance, Trust, and
Auditability

Clinical viability for any AD diagnostic system must prioritize trust, governance, and
auditability above raw predictive power.

5.1. Prioritizing Trust over Predictive Power

Interpretability must be a non-negotiable strategic prerequisite for integrating computational
tools into regulated clinical workflows. The evidence suggests that maximum predictive
accuracy alone is clinically insufficient without accompanying transparency and justification.

In the integrated workflow, explainability is operationalized as a cascade of functions tailored
to the clinician’s role at each phase: Tier 1 provides diagnostic confidence (AUC > 0.98), Tier 2
delivers justification via rules and counterfactuals, and Tier 3 offers critical longitudinal
context.

5.2. Ethical and Regulatory Vulnerability (ASR Bias)

Frontline screening models (Tier 1) often rely heavily on Automatic Speech Recognition (ASR)



systems to convert spoken language into analyzable text. However, this dependence creates a
critical technical and ethical vulnerability. Standard ASR systems demonstrate measurable
performance issues when dealing with diverse speech styles, including regional accents and
dialects.” This difficulty arises because LLMs are overwhelmingly trained on non-regional
English data."

This results in inaccurate transcripts for non-mainstream English speakers, leading to biased
diagnostic results in speech-based screening.’ The failure of ASR to generalize undermines
the principle of diagnostic equity, creating a severe regulatory vulnerability. The necessity of
extensive fine-tuning for every new dialect presents a major scalability bottleneck, hindering
deployment across diverse global populations. Future research must prioritize expanding
multilingual capabilities and developing models that are inherently robust against
heterogeneous dialectal variations.

5.3. The Interdependent Risk of Synthetic Data

The scarcity of large, labeled multimodal datasets compels researchers to increasingly utilize
LLM-generated synthetic training data." While synthetic data offers benefits for privacy and
data augmentation ", this reliance introduces inherent risks: the synthetic corpora may harbor
subtle biases, exhibit distribution incongruities with real data, or, critically, omit rare but
essential clinical variations.’

The deployment risk lies in the interaction between the data source and the secure
infrastructure. If flawed or biased synthetic data is used to train models within the immutable
FL/Blockchain pipeline, the security and auditability layer only guarantees the integrity of the
contaminated model. The immutability of the blockchain ensures that the resulting bias is
permanently embedded and auditable, but not necessarily accurate or equitable. This results
in the propagation of immutable bias. To counter this, rigorous, independent validation
frameworks must be established to ensure the clinical fidelity of synthetic corpora before they
are utilized in the secure training environment.

5.4. Auditability Requirements for Complex Systems

The adoption of complex computational architectures, particularly multi-agent systems like
CARE AD, necessitates stringent governance. These systems must be deployed under secure,
auditable conditions to preserve data privacy and ensure accountability.



Establishing trust requires formal mechanisms beyond performance metrics. This includes
formalizing audit trails for agent reasoning, publishing model version histories, and rigorously
tracking counterfactual outputs.’ Clear accountability mechanisms are imperative to ensure
that LLM-assisted decisions can be traceable to a named clinician or team, aligning the
computational support with established human oversight and ethical responsibilities."

VI. Scaling Challenges and Future Research Roadmaps

The successful transition of these integrated systems from research environments to
widespread clinical adoption faces significant technical and non-technical bottlenecks.

6.1. Generalizability and Transferability Bottlenecks

While the LLM frameworks excel within their training domains, they struggle with
cross-system application. Models designed for granular phenotyping, for instance, are highly
sensitive to variations in physician writing styles, the use of different clinical abbreviations,
and local documentation practices across various EHR systems. This high sensitivity severely
limits cross-system generalizability and necessitates significant retraining and calibration for
successful transferability.

Furthermore, non-technical barriers impede the widespread adoption of secure,
decentralized architectures like Blockchain and FL. Healthcare remains fragmented, with
many providers still relying on legacy systems or paper-based documentation.’ Cultural
inertia, combined with a reluctance among key players (such as insurance payers and
healthcare providers) to share data, creates a substantial impediment to implementing the
distributed systems necessary for collaborative model training.”

6.2. Priority Research Imperatives for Deployment

The strategic roadmap for the next generation of AD diagnostics must prioritize foundational
engineering and governance reforms:

1. Clinical Validation: The integrated LLM frameworks must move beyond retrospective



evaluation. Priority must be placed on conducting real-world, prospective clinical trials to
rigorously evaluate their deployment effectiveness within existing clinical workflows.

2. Robust Modeling and Equity: Research must focus on developing models that are
inherently robust against heterogeneous documentation styles and, critically, ensure
diagnostic equity by expanding multilingual capabilities and addressing the ASR dialectal
bias that currently limits applicability across diverse global populations.’

3. Trust Framework Formalization: To establish necessary accountability, formalized audit
trails for agent reasoning and counterfactual outputs are required. Furthermore,
implementing the advanced architectural solutions discussed—specifically the transition
to Decentralized Federated Learning (DFL) to remove central points of failure and the
adoption of Zero-Knowledge Proof of Training (ZKPoT) for efficient, verifiable
contribution—is essential to build a foundation that is both intelligent and trustworthy.’
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