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ABSTRACT

Health African health systems are navigating a dual burden of infectious, and non-communicable
diseases under conditions of scarce resources, fragile supply chains, and workforce shortages.
While digital health tools such as mHealth and EMRs have made inroads, systemic fragmentation,
language inequities, and operational inefficiencies persist. Advances in Generative Al, Agentic
LLMs, and multimodal intelligence now present an unprecedented opportunity to re-architect
healthcare delivery across the continent.This work introduces ALRA-Health, a reference architecture
for trustworthy, agentic LLMs designed to operate under low-resource African constraints. The
framework integrates multilingual stacks for underrepresented African languages, OPS-HEALTH-
AFRICA operational benchmarks, and privacy-by-design governance models, ensuring safe,
contextually aligned deployment. Beyond clinical reasoning, we address logistics optimization,
vaccine cold-chain resilience, referral triage, and claims automation, reframing Al adoption as both a
technical and economic innovation.

Our contribution lies in merging multimodal Al (text,image, audio, structured data) with enterprise-
grade orchestration that is locally governed, cost-optimized, and equity-driven. We propose a
Global South Economics Model for ROl and sustainability, alongside open tooling and curricula that
empower African universities and ministries of health to become knowledge producers, not passive
adopters. The research advances the global frontier on trustworthy, multilingual, and multimodal
Al for health, situating Africa as a reference point for ethical, sovereign, and sustainable Al systems.
By embedding causal Al, graph reasoning, and adaptive governance agents into future pathways,
this initiative contributes not only to improved health outcomes but also to broader socioeconomic
resilience.
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INTRODUCTION

record (EMR) rollouts—there remain structural gaps: uneven

African health systems face a dual disease burden—the
persistent prevalence of infectious diseases such as HIV/
AIDS, malaria, and tuberculosis, alongside a rapid rise in non-
communicable diseases (NCDs) like diabetes, cardiovascular
illnesses, and cancer. These challenges are magnified by
systemic resource constraints, fragmented care delivery,
and fragile supply chains. Despite notable progress in
digital health adoption—through mobile health (mHealth)
initiatives, telemedicine pilots, and electronic medical

connectivity across rural and urban settings, poor data
quality, lack of interoperability between systems, and last-
mile logistics failures in delivering medicines, diagnostics,
and vaccines. In parallel, advances in Generative Al, and
Large Language Models (LLMs) are unlocking transformative
possibilities for healthcare. These models enable:

e Language-centric interaction with patients and
clinicians, including in low-resource African languages.
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Structured reasoning and decision support, enhancing
clinical workflows and triage accuracy.

Multimodal fusion (text + image + audio) for richer
diagnostics (radiology, dermatology, pathology, speech
analysis).

Autonomous orchestration of tools and workflows (“Al
agents”) thatintegrate EMR, supply chain, and insurance
systems seamlessly.

This research positions Agentic LLMs as a new operational
backbone for healthcare in Africa—bridging structural
inefficiencies, enabling localized trustable Al solutions,
and ensuring cost-effective, equitable access to quality
healthcare. By embedding enterprise-scale architectures
within university-driven innovation ecosystems, the research
also emphasizes knowledge transfer, local capacity building,
and measurable socioeconomic returns.

Problem Statement

Despite progress, African healthcare continues to suffer from
systemicinefficiencies that erode quality of care and financial
sustainability. The key challenges include:

e Operational Inefficiencies: frequent stock-outs of
essential medicines, delayed referrals, manual paper-based
documentation, and revenue leakage across billing and
claims.

Workforce Shortages: severe gaps in doctor-to-patient
ratios, reliance on community health workers with uneven
training, and difficulty in retaining skilled professionals in
rural or conflict zones.

Language Barriers: most clinical knowledge is locked in
English/French, while over 2,000 African languages lack
digitized clinical terminology and datasets, complicating
doctor-patient communication.

Fragmented Data Ecosystem: siloed health records
across EMR, HMIS, lab, pharmacy, insurance, and NGO
systems, limiting coordinated patient care and evidence-
based policymaking.

Constrained Budgets: public and donor-funded health
systems demand demonstrable ROI, low total cost of
ownership (TCO), and scalable business models before
adopting advanced Al.

Social and Economic Inequities: uneven urban-rural
distribution of healthcare infrastructure, affordability
barriers for patients, and fragile supply chains that limit
timely delivery of diagnostics, vaccines, and essential
medicines.

BACKGROUND & RELATED WORK

Large Language Models (LLMs) have shown early promise in
clinical tasks such as patient triage, summarization of electronic

health records, and drafting discharge notes. Studies highlight
their ability to reduce clinician workload and improve patient
communication. However, critical barriers remain, including
risks of hallucinations, bias amplification from global North
datasets, and challenges of localizing outputs into African
languages and culturally aligned medical practices. Without
adaptation, these tools risk deepening inequities rather than
reducing them. Beyond clinical workflows, Al in healthcare
supply chains has been leveraged in high-income countries
for demand forecasting, route optimization, and predictive
inventory management. In Africa, however, challenges of cold-
chain vaccine delivery, unstable electricity infrastructure, and
last-mile logistics to rural communities remain underexplored
in Al literature. This gap highlights the need for contextualized
models and operations research tailored to resource-
constrained, geographically dispersed, and infrastructure-
fragile environments.

At the macro level, the Global South context demands
innovations beyond technical accuracy. Affordability is
central—requiring lightweight inference at the edge (on
low-power devices), offline-first architectures resilient to
poor connectivity, and hybrid cloud-local deployments.
Moreover, governance is not simply regulatory—it must
involve community participation, medical councils, and
public health ministries to build trust, foster accountability,
and prevent exploitation. Recent research stresses the need
for ethics-aware co-design of Al systems, integrating patients,
healthcare workers, and policymakers in the loop to ensure
trustworthy, inclusive, and sustainable Al for health.

VISION STATEMENT (ExpANDED)

Our vision is to establish a pan-African research and
deployment program for trustworthy, multilingual, and
multimodal Al systems that measurably transform healthcare
operations while strengthening academic and enterprise
collaboration. The initiative seeks to leverage cutting-edge
Generative Al and LLMs to drive measurable improvements
in triage, referral pathways, clinical documentation, medical
education, logistics optimization, and financial planning
across diverse African healthcare ecosystems.

By positioning this program at the intersection of
academic excellence and enterprise innovation, we aim to:

e Advance the global research frontier on low-resource,
multilingual Al models adapted for African clinical and
operational contexts.

e Deliver enterprise-grade innovations in supply chain
resilience, including Al-optimized cold-chain vaccine
delivery, medicine stock prediction, and community-level
last-mile care logistics.
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e Create a sustainable ecosystem of affordable, locally
adaptable, and community-governed Al healthcare agents
that empower hospitals, clinics, and public health systems.

e Strengthen South-South and South-North academic
partnerships, positioning SVU and collaborators as leaders
in shaping the global conversation on equitable Al for
healthcare.

This vision emphasizes not only technological deployment
but also the building of capacity—training researchers,
clinicians, and policymakers in the responsible design,
evaluation, and use of Al. It positions African universities and
enterprises as knowledge producers, not passive adopters,
ensuring the continent leads in shaping ethical, sustainable,
and socially beneficial Al healthcare solutions.

OBJECTIVES & CONTRIBUTIONS

This work makes six interlinked contributions to the design
and deployment of agentic LLM systems for African
healthcare contexts.

1) Agentic LLM Reference Architecture (ALRA-Health)

We propose a reference architecture that defines how safety-
aware, tool-using, multimodal LLM agents can operate
within health ecosystems in low-resource African settings.
Unlike generic Al frameworks, ALRA-Health integrates with
Electronic Medical Records (EMR), Laboratory Information
Systems (LIS), Hospital Management Information Systems
(HMIS), logistics systems, and citizen-facing modalities
such as phone, USSD, IVR, and WhatsApp. The architecture
is designed for reliability under constraints of bandwidth,
intermittent electricity, and limited clinical staff, ensuring
that Alagents serve as augmenters rather than replacements.

2) Low-Resource African Language Stack

We introduce a dedicated language stack for clinical and
operational use in African contexts, covering major spoken
languages including Swahili, Hausa, Amharic, Yoruba, Zulu,
and Arabic dialects. This contribution addresses the historical
underrepresentation of these languages in biomedical
corpora. Components include tokenizers, clinical ontologies,
terminology services, and reward modeling via, RLHF with
direct feedback from frontline health workers and patients.
The stack ensures that communication with agents is
accessible in local languages, lowering barriers to adoption
while improving accuracy of care delivery.

3) OPS-HEALTH-AFRICA Benchmark

To measure system effectiveness, we propose the first
operations-first benchmark tailored for African health
system realities. Tasks include stock-out prediction of

essential drugs, referral triage prioritization, claims coding
automation, immunization routing optimization, and lab
turnaround forecasting. Each benchmark task is annotated
with ground-truth operational labels, clinical validation, and
cost metrics. Unlike purely clinical datasets, this benchmark
emphasizes workflow productivity, cost savings, and
operational resilience—the core determinants of health
system sustainability in the Global South.

4) Privacy & Safety Framework

We design a layered privacy and safety framework that
combines federated learning, differential privacy, adversarial
red-team evaluations, and human-in-the-loop governance.
Agents are monitored with policy enforcement engines, audit
logs, model cards, and incident reporting systems to ensure
compliance with both local data regulations and global Al
ethics frameworks. Crucially, the framework embeds consent
management and culturally sensitive governance models, so
communities retain trust in Al-enabled care.

5) Global South Economics Model

Recognizing that cost is a primary barrier to sustainability,
we propose a structured economics model for deployment.
It estimates ROI (Return on Investment) and TCO (Total Cost
of Ownership), explores financing pathways such as Public-
Private Partnerships (PPP), donor funding, and value-based
care contracts, and develops frameworks for local ecosystem
capacity-building. This contribution reframes Al adoption as
not just a technical innovation, but a financing and workforce
innovation that enables ministries of health to sustain Al at scale.

PROPOSED SYSTEM ARCHITECTURE

The proposed architecture follows an agent-oriented layered
design, explicitly balancing clinical correctness, operational
integration, and local feasibility.

Agent Layers

e Foundation Models: Compact domain-tuned LLMs serve
as the backbone, fine-tuned with medical, logistics, and
policy corpora. Multimodal encoders extend capabilities to
handle X-rays, ultrasounds, pathology images, auscultation
audio (lung/heart), and structured operational data (ERP/
WMS, claims, inventory). This ensures that agents can
reason across the heterogeneous data types common in
African health systems.

e Reasoning & Planning Layer: Agent frameworks such
as Toolformer-like orchestration are used to structure
decisions. Internal reasoning is constrained by evidence-
based clinical rules, care pathways, WHO checklists, and
local standard treatment guidelines. This minimizes
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hallucination risk and guarantees that outputs remain
aligned with regulatory and clinical protocols.

Tooling Interfaces: APIs provide seamless integration
with EMR/HMIS, laboratory systems, pharmacy inventory,
insurance claims/adjudication systems, logistics routing
platforms, and citizen communication channels (WhatsApp,
USSD, IVR, SMS). This enables real-world deployment that
respects the fragmented but mission-critical IT ecosystems
of African health ministries.

Safety & Governance: A governance layer enforces
compliance with privacy, security, and ethics principles. It
includes Pll scrubbers, policy enforcement engines (hard
constraints), automated audit logs, consent management
portals, model cards with transparency documentation,
and structured incident reporting pipelines.

Description of the Agentic Al Architecture Image

The Fig. 1 presents a horizontal, architecture systems titled
“Agentic Al Architecture for Healthcare Systems.” The sub
systems are organized into six stages arranged from left to
right, each representing a major layer in the architecture.
These subs systems are showing alogical progression from
foundational vision to final outcomes.

The 1st sub system, Context & Vision, outlines the strategic
foundations driving the architecture. It highlights the need
for Sovereign Al for the Global South, the emphasis on
multilingual and multimodal intelligence, and theimportance
of open tooling and locally relevant curricula. It also stresses
therole of causal Aland graph reasoning in clinical systems, as
well as the focus on sustainable ROl and adaptive governance
for long-term viability.

The sub system, Foundation Models & Compute Layer, lists
the core Al technologies powering the system. These include
multilingual clinical LLMs, multimodal encoders for text,
voice, and imaging, and biomedical embeddings trained on
regional datasets. The box also includes continual learning
pipelines and capabilities for edge and federated compute,
ensuring that Al systems remain adaptive and deployable
even in low-resource environments.

The sub system, Reasoning & Intelligence Agents, describes
the cognitive layer that enables clinical reasoning. It contains
causal reasoning engines, graph-based reasoning over
patient-symptom-drug relationships, and clinical decision
agents that support diagnostics and treatment planning.
This layer also includes multi-hop inference pipelines and
plan-execute-verify agentloops, enabling robust multi-step
reasoning.

The sub system, Agentic Tooling & Interfaces, focuses on
integration with real-world clinical workflows. It includes
EHR and EMR connectors, diagnostic device APls, and
telemedicine and triage agents. This layer also incorporates
RAG pipelines powered by a vector database and knowledge
graph, along with offline-first mobile applications tailored for
frontline health workers in low-bandwidth regions.

The sub system, Governance, Ethics & Safety, lays out mechanisms
that ensure trustworthy and responsible Al. It lists bias and
fairness detection, policy and audit agents, and hallucination
safetyfilters for clinical reliability. It also includes human-in-loop
checkpoints and strong data privacy and sovereignty controls
to meet regulatory and ethical requirements.

Finally, the sub system, Outcomes, summarizes the intended
impact of the architecture. The system aims to deliver better

Context & Foundation Reasoning & Agentic Governance, Outcomes
Vision Models & Intelligence Tooling & Ethics & Safety
Compute Layer Agents Interfaces
Sovereign Al for Multilingual Causal EMR/EHR Bias & fairness Better care
Global South clinical LLMs rzi?]zl?ng;g connectors detection quality
i
Multilingual Multimodal Graph i i i i Faster
multin'l:i]odal+ encoders reasoning e g ROy S SO diagnostics
bbb , ; device APIs agents g
intelligence (text / voice / . nﬂlpﬁtlgrﬁ:]"_tam
Eiheniinalin imaging) o ngmorks) o B Telemedicine & || Hallucination > Emr?g;v"%red
Iccgl curriculﬂi'n Biomedical - THGR agonts safety Wtors workforce
embeddings Clinical e :
Causal Al, decision agents RAG pipelines Human-in- Sustainable
graph reasoning Continual (vector DB + loop. ROI
learning Multi-hop knowledge checkpoints
Sustainable ROI pipelines inference graph) , Resilient
& adaptive - Data privacy & sovereign Al
governance Edge + Plan—Execute— Offline-first sovereignty infrastructure
federated Verify loops health worker controls
compute apps

Figure 1: Agentic Al Architecture for Healthcare Systems
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care quality, faster diagnostics, and empowered health
workers. It also emphasizes sustainable ROl and the creation
of aresilient sovereign Al infrastructure, ensuring long-term
benefits for healthcare systems across the Global South.

Implementation Summary: RAG, Agentic Al,
Knowledge Graphs, Vector Search

The implementation uses a hybrid Retrieval, Reasoning
and Action architecture that brings together vector search,
knowledge graphs, and agentic orchestration. Clinical text,
imaging summaries, laboratory findings, and operational
data are transformed into multilingual vector embeddings
stored in a high-performance vector database. Medical
concepts such as symptoms, diseases, drugs, procedures and
guidelines are represented in a structured clinical knowledge
graph that enables relational understanding.

A dual retrieval process powers the system. The first retrieval
stream performs dense semantic search over the vector store
to identify contextually relevant information. The second
retrieval stream performs graph traversal to uncover multi
step relationships such as progression of disease, treatment
constraints or drug interactions. Both retrieval streams feed
the reasoning layer to support accurate and explainable clinical
intelligence. Large language model agents operate through a
continuous plan, retrieve, reason and validate loop. Each stage
activates specialized micro agents that execute tasks such
as clinical decision support, treatment safety checks, triage
prioritization, logistics queries or integration with electronic
records and diagnostic systems. The architecture supports
offline use by caching essential embeddings and graph slices
on edge devices for areas with limited connectivity.
Governance and safety controls operate throughout the
pipeline. These include hallucination checks, evidence
verification, bias monitoring, audit logging, privacy
safeguards and data sovereignty rules. These controls ensure
that recommendations remain clinically reliable, transparent
and compliant with local regulatory expectations. This
implementation approach creates a robust and context
aware agentic Al system capable of supporting healthcare
delivery and decision making across diverse environments
in the Global South.

IMPACT AND FUTURE WORK

Policy & Governance Alignment

This initiative is designed to align with African Union
Digital Health frameworks, WHO Al ethics guidelines, and
national eHealth strategies. By embedding explainability,
auditability, and privacy-preserving techniques into the core
architecture, it ensures compliance with both global best
practices and local regulations. A future direction involves

co-designing policy sandboxes with ministries of health,
enabling governments to safely experiment with Al-enabled
workflows while preserving sovereignty over data and clinical
standards.

Long-Term Al Sustainability

Sustainability requires more than just technical deployment—
it requires durable financing models, community ownership,
and ecosystem resilience. The framework emphasizes low-
resource optimization (smaller models, efficient inference)
to reduce carbon and compute costs, as well as training
local engineers and clinicians to operate, fine-tune, and
govern the systems. Future iterations will focus on green
Al practices (energy-efficient training, solar-powered edge
inference), shared regional compute clusters, and cooperative
maintenance models to ensure that Al for health in Africa is
not donor-dependent but self-sustaining.

New Research Directions

1. Causal Al in Health: Moving from pattern recognition
to causal inference for interventions, e.g., identifying the
true drivers of maternal mortality trends or drug resistance
emergence.

2. Graph Reasoning: Leveraging patient, provider, and
supply-chain knowledge graphs to improve triage,
resource allocation, and disease surveillance.

3. Biomedical Multimodal Alignment: Training models
that jointly reason across X-rays, ultrasound scans, lab
values, and patient narratives in local languages, to
provide holistic decision support.

4. Adaptive Governance Agents: Embedding “policy
agents” that can dynamically adapt Al recommendations
based on evolving guidelines, reimbursement rules, or
community standards.

5. Cross-Sectoral Spillovers: Extending beyond health into
agriculture, nutrition, and climate resilience, leveraging
the same agentic LLM foundation to support broader
determinants of health.

Broader Societal Impact

If successfully implemented, ALRA-Health can establish
Africa as a global reference point for ethical, low-resource,
and context-aware Al in healthcare. By prioritizing safety,
equity, and cost-effectiveness, the project not only
improves clinical outcomes but also builds sovereign
capacity and reshapes the narrative: Africa as a leader
in Al-for-health innovation, not merely a consumer of
imported technologies. Here’s a single combined section
that merges all your points (Evaluation, Roadmap, Ethics,
Outputs, Economics, Policy) into one cohesive narrative
under one heading. | kept the academic + enterprise
research tone so it fits your paper well:
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Evaluation Framework

To ensure that the proposed agentic LLM systems achieve
measurable, scalable, and ethical impact in African
healthcare, we outline a unified framework combining
evaluation metrics, phased implementation, governance
safeguards, research outputs, economics modeling, and
policy pathways.

Evaluation Framework

We define a multi-dimensional evaluation suite covering
technical, operational, and equity metrics. Technical metrics
assess model fidelity and performance: exactness/factuality,
grounded citation rate, toxicity levels, multilingual accuracy,
latency, and memory footprint for LLMs; AUROC, sensitivity/
specificity, Dice scores for vision tasks; and waveform fidelity
for auscultation audio. Agent-level metrics focus on task
completion rates, tool-use accuracy, recovery after failure,
and auditability of reasoning. Operational and economic
measures quantify real-world impact: reductions in stock-
out rates, logistics lead times, cold-chain wastage, lab
turnaround times, and documentation burden, alongside
increases in referral completion, adherence, and reductions
in preventable admissions. Financial indicators include
ROI (payback period, NPV, IRR), TCO across 3-5 years, and
incremental cost-effectiveness ratios (ICER) per QALY
gained. Finally, equity metrics evaluate whether the system
reduces outcome gaps across regions, demographics,
and socioeconomic groups. To anchor comparability,
the proposed OPS-HEALTH-AFRICA benchmark suite
standardizes task definitions, datasets, and leaderboards,
prioritizing operational outcomes beyond raw accuracy.

Ethics, Risk, and Governance

Clinical safety is ensured through “do-no-harm” gating,
escalation defaults to clinicians, and conservative fail-safe
behaviors. Bias and fairness are addressed via demographic
audits, fairness-aware training, and community review
boards for oversight. Privacy protections include differential
privacy, k-anonymity, secure enclaves, and preference
for on-device processing where possible. Accountability
mechanisms involve explainability tooling, immutable
audit logs, and incident response protocols for recalls.
Regulatory alignment is achieved through adherence to
national eHealth strategies, with attention to procurement,
certification, and compliance pathways.

This integrated framework ensures that technical
innovations are coupled with measurable outcomes,
ethical safeguards, sustainable financing, and enabling
policy environments—positioning African univetsities
and ministries of health at the forefront of trustworthy,
multimodal, generative Al for healthcare.

LIMITATIONS AND FUTURE WORK

Despite promising progress, key limitations remain: data
scarcity and label noise hinder robust training; domain drift
affects generalizability across regions; and device constraints
restrict deployment in low-resource settings. Long-term
adoption also requires sustained governance capacity and
predictable maintenance funding.

Future research should address these challenges by
advancing multi-country transfer learning frameworks,
integrating climate-health datasets, and enabling bio-sensor
fusion for real-time monitoring. Emerging directions such
as causal Al, graph reasoning, and multimodal biomedical
alignment offer potential breakthroughs for precision, safety,
and scalability.

CONCLUSION

Overall, agentic, multilingual LLM systems can deliver
measurable operational gains in African healthcare when
designed for safety, affordability, and equity. By combining
university research excellence (SVU) with enterprise
innovation (Sachin), this program seeks scalable, policy-
aligned impact that strengthens capacity-building and
ensures strong ROI for the Global South.
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APPENDIX

List of Common Keywords (with Simple One-Line Explanations)

Sovereign Al
Al systems that are owned, governed, and controlled locally by the
region or nation.

Multilingual Al
Models that understand and process multiple languages used in diverse
populations.

Multimodal Al
Al that can interpret text, speech, images, and signals together.

Open Tooling
Open-source frameworks and software that enable local development
and innovation.

Causal Al
Systems that understand cause-effect relationships instead of just
correlations.

Graph Reasoning
Using knowledge graphs to analyze connections between medical
entities like symptoms and treatments.

Foundation Models
Large pretrained models that support many downstream healthcare
tasks.

Clinical LLMs

Language models adapted or trained for medical and clinical use cases.
Multimodal Encoders

Models that convert text, audio, and images into numerical
representations for Al processing.

Biomedical Embeddings
Vector representations that capture meaning in medical data for
accurate retrieval and analysis.

Continual Learning
Models that improve over time by learning from new data.

Federated Learning
Training models across distributed devices or institutions without
sharing raw data.

Causal Reasoning Engines
Al modules that reason about why medical events occur.

Clinical Decision Agents
Al entities that assist clinicians in diagnosis, triage, or treatment planning.

Multi Hop Inference
Logic chains where an Al links several pieces of information to reach a
conclusion.

EHR Connectors
Interfaces that allow Al to read and interact with electronic health
records.

Diagnostic APIs
Digital interfaces that allow Al to connect with lab devices, imaging
tools, or sensors.

Telemedicine Agents

Al systems that support virtual consultations or remote triage.

RAG Pipelines

Retrieval augmented generation systems that combine search with
large language models.

Knowledge Graphs

Structured databases that map relationships between people,
symptoms, drugs, and diseases.

Governance Agents

Al systems that enforce compliance, safety rules, and operational
policies.

Bias Detection

Techniques thatidentify and mitigate unfair or unequal model behavior.

Humanin Loop
Processes where humans verify or override Al decisions in high stakes
situations.

Data Sovereignty
Ensuring that data stays secure and under local legal control.

Healthcare Outcomes
Improvements in patient care, diagnosis speed, and operational
efficiency.

Sustainable ROI
Long-term return on investment from Al that persists beyond initial
deployment.
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