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Abstract

Background: Gestationa diabetes mellitus (GDM) is a prevalent chronic condition that affects maternal and fetal health
outcomes worldwide, increasingly in underserved populations. While generative artificial intelligence (Al) and large language
models (LLMs) have shown promise in health care, their application in GDM management remains underexplored.

Objective: Thisstudy aimed to investigate whether retrieval -augmented generation techniques, when combined with knowledge
graphs (KGs), could improve the contextual relevance and accuracy of Al-driven clinical decision support. For this, we devel oped
and validated a graph-based retrieval -augmented generation (GraphRAG)—enabled local LLM asaclinical support tool for GDM
management, assessing its performance against open-source LLM tools.

Methods: A prototype clinical Al assistant was developed using a GraphRAG constructed from 1212 peer-reviewed research
articles on GDM interventions, retrieved from the Semantic Scholar APl (2000 - 2024). The GraphRAG prototype integrated
entity extraction, KG construction using Neo4j, and retrieval-augmented response generation. The performance was eval uated
inasimulated environment using clinical and layperson prompts, comparing the outputs of the systems against ChatGPT (OpenAl),
Claude (Anthropic), and BioMistral models across 5 common natural |anguage generation metrics.

Results: The GraphRAG-enabled local LLM showed higher accuracy in generating clinically relevant responses. It achieved
abilingual evaluation understudy score of 0.99, Jaccard similarity of 0.98, and BERT Score of 0.98, outperforming the benchmark
LLMs. The prototype aso produced accurate, evidence-based recommendations for clinicians and patients, demonstrating its
feasibility asaclinical support tool.

Conclusions: GraphRAG-enabled local LLMs show much potential for improving personalized GDM care by integrating
domain-specific evidence and contextual retrieval. Our prototype proof-of-concept serves two purposes: (1) the local LLM
architecture gives practitioners from underserved locations access to state-of-the-art medical research in the treatment of chronic
conditions and (2) the KG schema may be feasibly built on peer-reviewed, indexed publications, devoid of hallucinations and
contextualized with patient data. We conclude that advanced Al techniques such as KGs, retrieval-augmented generation, and
local LLMs improve GDM management decisions and other similar conditions and advance equitable health care delivery in
resource-constrained health care environments.

(JMIR Diabetes 2026;11:€76454) doi:10.2196/76454

KEYWORDS

artificial intelligence for health care; generative Al; knowledge graph; retrieval augmented generation; large language model;
gestational diabetes mellitus; explainable Al in medicine; GDM; artificial intelligence

personalized health care as ameans of effectively using scarce
medical resources in underserved regions and populations,
supporting the value of artificial intelligence (Al)—driven
systemsin such settings. While machinelearning (ML) and data
analytics have generated individualized treatment
recommendationsfor improving outcomes, “these worksfocused
on making broad [largely drug class level] treatment

Introduction

The growing use of electronic medical records linking diverse
patient characteristics and prescription choices with positive
treatment outcomes in large-scale use cases has resulted in
platforms that guide optimal treatment options. For example,
Sharma et a [1] presented an approach for delivering
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recommendations independently of specific drug and dose
considerations... [whereas] guidelines and landmark trials
highlight important drug- and dose-dependent variations in
treatment efficacy, safety, and risk profiles’ [2]. In short,
personalized medicine should account for contextual variations
in seeking more effective, cost-efficient treatments with better
outcomes. This study presents an approach to clinical support
to time- and resource-constrained practitioners using a
generative artificial intelligence (GenAl) approach to treat a
serious medical condition afflicting young mothers and their
children with increasing alacrity. Such a need is particularly
acute in the socioeconomically disadvantaged regions of the
world.

Gestational diabetes mellitus (GDM) is a significant global
health concern affecting many pregnancies [3]. Defined as
glucose metabolism imbalance first detected during pregnancy,

Evangelista et al

the International Association of Diabetes in Pregnancy Study
Group reports that “GDM is not only related to perinatal
morbidity but also to an increased risk of diabetes and
cardiovascular diseasein the mother in later life, and childhood
obesity in the offspring” [4]. The pooled global prevalence was
14% in 2021, with the highest occurrence in the Middle East -
North Africa (27.6%), Southeast Asia (20.8%), and among
high-income countries (14.2%) [5]. There is considerable
agreement among medical practitioners that the devel opment
of GDM could be influenced by various risk factors, including
maternal age, obesity, family history of diabetes, previous
occurrences of GDM, and specific ethnic backgrounds [6,7].
This is illustrated in Figure 1 (data sources. [3,8-10]) as the
medical characterizations of GDM comprising factors such as
diagnosis, risks, prediction, management, complications, and
postpartum care.

Figure 1. Medical characterization of gestational diabetes mellitus. GDM: gestational diabetes mellitus.

GDM definition: a glucose intolerance disorder that starts or is first diagnosed during
L pregnancy.
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Also, of concern to the WHO is that GDM leads to various
complications for both affected mothers and their offspring,
such asincreased risks of cesarean delivery, pre-eclampsia, and
type 2 diabetes (T2D) for mothers. Children are at higher risk
of macrosomia, hypoglycemia, respiratory distress syndrome,
and an increased likelihood of developing obesity and T2D later
inlife[11]. Thelong-term health risksinclude elevated chances
of developing T2D and cardiovascul ar diseasesfor both mother
and child [12]. In the Global South and developing countries
[8,13], GDM presents significant challenges due to:

1. Higher prevalence rates in certain regions, particularly
South Asiaand the Middle East.

2. Limited health care resourcesfor screening, diagnosis, and
management.

3. Geneticfactorsin certain ethnic groupsincrease GDM risk.

Rapid urbanization and lifestyle changes leading to

increased obesity rates.

https://diabetes.,jmir.org/2026/1/e76454

5. Potential underdiagnoses due to lack of routine screening.

Effective GDM treatment requires multiple diagnostic tests,
including oral glucose tolerance tests, random plasma glucose
tests, and fasting plasma glucose tests. The treatment options
include regular blood glucose monitoring, dietary modifications,
lifestyle changes, and, when necessary, pharmacological
interventions such as insulin or oral hypoglycemic agents [9].
The recent advancements in Al-driven tools, such as the Al
Drug Mix and Dose Advisor devel oped for T2D [2], have shown
potential in optimizing pharmacological interventions by
customizing drug and dose recommendations to individual
patient profiles. Similar approaches could be valuable in
improving glycemic management in GDM cases, enhancing
personalized care in postpartum treatment, drug discovery with
therapy, and reducing long-term risks of developing chronic
diseasesin general.
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Despite growing interest in Al-driven clinical support, current
models often struggle to integrate diverse, multisource medical
data into actionable insights, especially in conditions such as
GDM, where missing information and diagnostic delays
contribute to less desirable outcomes. These limitations are
particularly prominent in resource-constrained settings, where
systemic challenges, such as insufficient screening tools, lack
of standardized care protocols, and limited provider training,
complicate effective diagnosis and treatment [8,13]. Asaresult,
the timely and effective treatment of GDM remains difficult,
further endangering maternal and fetal health.

In such contexts, the unavailability of specialized professionals,
economic constraints, and cultural challenges also influence
treatment adherence and engagement [14,15]. The limited
awareness between both the public and health care providers
continues to contribute to improper management of GDM [16],
reinforcing the urgent need for robust, context-sensitive clinical
decision support [17,18].

To address these gaps, we propose a novel solution using
specialized GenAl techniques for GDM management.
Specifically, we devel op a proof-of-concept (PoC) of aclinical
support system that uses a knowledge graph (KG) supporting
alocal large language model (LLM). This system extracts and
integrates intervention strategies from peer-reviewed research

Evangelista et al

to support physiciansin making contextually relevant treatment
decisions.

Standalone local LLMs, however, face known limitations,
including hallucinations and reduced reliability when handling
domain-specific, complex queries[19]. To addresstheseissues,
we introduce a retrieval-augmented generation (RAG)
mechanism that improves the accuracy and relevance of outputs
by supplementing the LLM with contextual data[20,21]. This
hybrid approach could elevate the clinical utility of GenAl for
complex, low-resource health care scenarios such as GDM.

By generating structured, evidence-informed recommendations
in real time, our system lays the foundation for scalable and
explainable Al support tools customized to maternal health.
The following section reviews previous ML and LLM-based
approaches to GDM detection and prediction, positioning our
work within this evolving research landscape. It is stated at this
juncture that while the distinction between LLMs and local
LLMs is clear, it is less so between local LLMs and small
language models (SLMs). The prototype devel oped in this study
assumed alocal LLM architecture but could be repurposed as
SLMs, particularly in resource-constrained locations of the
Global South. A concise feature comparison of LLMs, local
LLMs, and SLMsisprovided in Textbox 1.

Textbox 1. Feature comparison of large language models, local large language models, and small language models.

L arge language models

Largelanguage models (LLMs) aretypically based on deep learning, trained on massive amounts of text and increasingly multimediadatato understand,
generate, and manipulate human language. LLMs work by learning to predict the next word in a sequence based on the context of the input prompt,
using billions of parameters to refine these predictions. They excel at natura language processing tasks such as text completion, trandation,
summarization, question-answering, and content generation.

Local LLMs

Loca LLMsrun inside the private data center of an entity or organization. Local LLMs are fine-tuned with the organization’s data (eg, patient records
or standard rules) and can provide specific context to a query or prompt that general-purpose chatbots cannot or should be legally alowed to deliver.
Particularly in the domains of sensitive and confidential data (such asapatient’s medical conditions), such prompts may have to be subject to rigorous
access, authentication, and accounting controls.

Small language model

A small language model is designed to understand and generate natural language, similar to LLMs, but on amuch smaller scale, with fewer parameters
and asimpler architecture. Small language models are optimized for efficiency and can be deployed on resource-constrained devices like smartphones
or loca servers, offering benefits such as faster training and execution, lower energy consumption, and improved privacy by alowing for on-device

processing and less reliance on cloud connectivity. A use case could be first respondersin emergency room situations.

Recent advancesin ML have shown promise in improving the
early diagnosis and personalized management of chronic
conditions such as GDM. These models identify high-risk
individuals during pregnancy, customize treatment plans, and
ultimately enhance maternal and neonatal health outcomes.
Several studies have devel oped ML algorithmsthat account for
demographic variations, for example [22,23], present models
customized to Asian women [10] used decision trees and
ensemble learning for early GDM detection, reporting high
sensitivity and specificity. However, these models often fail to
capture the full complexity of GDM-related factors.

https://diabetes.,jmir.org/2026/1/e76454

The efforts to improve model interpretability include research,
such as meta-reviews of clinical studieson complicationsduring
preghancy and their treatments [24], on clinically explainable
ML approaches for blood glucose monitoring [25,26], and the
use of extreme gradient boosting to identify key risk factors
[27]. However, severa studies [25,26,28,29] note limitations
in integrating high-quality datasets, supporting rea-time
interventions, or embedding models within clinical systems.
Table 1 presents these representative model's, underscoring the
trade-offs between accuracy, interpretability, and practical
usability.
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Table. Representative research deep learning or machine learning models for predicting gestational diabetes mellitus.

Study Year Model Key contributions and limitations
Kokori etal [22] and Kumaretal 2024 Demographic-specific ML®model  *  KCs Accurate predictionsfor
(23] specific demographics (Asian
women).
« Limits: Limited integrationin-
to health care systems.
Kurt et al [10] 2023 Decision trees and ensemble « KCs: High sensitivity and
specificity.
« Limits: Failsto capture all
GDM ®-related factors.
Wu et a [29] 2024 Clinicaly interpretable ML «  KCs Emphasizedinterpretable
models for GDM.
«  Limits: Limited real-timeappli-
cation.
Wu et a [25] 2022 ML-based models «  KCs: Importanceof high-qual-
ity datasets.
« Limits: Lacksinterpretability
and integration.

3\L: machine learning.
bk c: key contribution.
°GDM: gestational diabetes mellitus.

These limitations highlight the need for models that go beyond
static risk prediction to support context-aware clinical
decision-making. In this regard, LLMs offer transformative
potential asthey generate patient-specific recommendations by
synthesizing heterogeneous clinical data. When augmented with
retrieval techniques, such models become more effective.

Several recent studies have discussed the expanding role of
LLMs across health care domaing30]. For example, an Al

system developed for liver diseases[31] provided personalized
treatment strategies that improved diagnostic outcomes.
Graph-based retrieval-augmented generation (GraphRAG)
integration has shown benefits in nephrology by increasing
output precision and reliability [20], while LLMshave supported
psychotherapy automation [32] and administrative workload
reduction in personalized medicine [33]. Some of these use
cases are captured in Table 2, reinforcing the applicability of
RAG-augmented LLMsin clinical practice.

Table. Representative use cases of artificial intelligencein clinica health care.

Study Year

Model Key contributions

Geet d [31] 2024

Ong et al [34] 2023

Miao et al [20] 2024

Stade et al [32] 2024

Tripathi et al [33] 2024

Enhanced diagnostic accuracy and
patient management tailored for
liver diseases.

Al2model for liver diseases

Clinical decision support system Improved clinical decision-making

with RAGP-enhanced LLMSS, offer-
ing precise predictions and treat-
ments.

LLM-RAG for nephrology Improved accuracy and reliability
in nephrology advice by integrating

RAG with LLMs.

LLMsin psychotherapy Explored the potential of LLMsto
support and potentially automate

aspects of psychotherapy.

Personalized medicine Al model Demonstrated how LLMs can auto-
mate administrative tasks, reducing
clinicians workload from electronic

medical records.

Al artificial intelligence.
bRAG: retrieval-augmented generation.
CLLM: large language model.
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Noting the above, this paper proposes a novel architecture for
GDM care that integrates (1) alocal LLM for domain-specific
control and privacy, (2) an RAG engine for contextual
grounding, and (3) adomain-specific KG to captureinterrel ated
medical evidence.

This combination enables real-time generation of explainable,
evidence-informed trestment recommendations for GDM
management, even in resource-constrained settings. As
compared with previous studies, such as those by Nambiar et
al [2] and Tripathi et al [33], which focused on general dosing
automation or task simplification, this study addressesacritical
gap: the need for adaptive, fine-grained, and explainable
intervention support in the prenatal context.

From a technical standpoint, our contributions are (1) the
construction of a GDM-specific KG derived from peer-reviewed
literature; (2) the use of RAG-enhanced local-LLMsto retrieve,
contextualize, and generate targeted care pathways; and (3) a
PoC system architecturethat isinterpretable, domain-grounded,
and designed for offline, privacy-preserving environments.

The PoC will support timely intervention and align with the
practical realities of underserved clinical contexts; consider the
plight of a rura doctor in the Global South, where internet
connectivity, specialist clinician availability, and cutting-edge
expertise may be limited. It represents a step toward deploying
technically robust and clinically meaningful Al to applications
of acute need.

Following this introduction, the remainder of this paper is
organized as follows. The next section addresses the methods,

Evangelista et al

and specifically, adescription of devel oping design artifactsfor
a PoC. In the Results section, we put the system through
simulated scenarios and test the responses for accuracy, bias,
and performance benchmarking. In the Discussion section, we
present the principal findings along with an analysis of key
contributions of the research. The paper ends with a section on
Conclusions, which also covers limitations and suggestions for
further research.

Methods

Prototyping a PoC

Health care professionals, particularly thosein densely popul ated
and resource-constrained regions of the Globa South, often
face significant challengesin accessing timely, evidence-based
medical insights. Attending training sessions or reviewing vast
volumes of literature under time pressure is impractical,
especialy in scenarioswhere specialist expertise or standardized
guidelines are lacking. Our approach uses computational
methods to extract, structure, and contextualize medical
knowledge using GenAl and KG technologies to address this
need.

Our primary objective was to develop a PoC of aclinical Al
assistant that would support the management of GDM. This
GraphRAG-based architecture combines entity extraction from
published research, KG construction, and RAG to generate
clinically grounded, context-aware responses. Asillustrated in
Figure 2, the PoC framework follows a 5-stage pipeline.

Figure 2. Process flow of the proposed graph-based retrieval -augmented generation approach, showing data collection, entity extraction, knowledge
graph construction, and retrieval-augmented generation for Al-assisted clinical support for gestational diabetes mellitus. API: application programming
interface; GDM: gestational diabetes mellitus; LLM: large language model; PRISMA: Preferred Reporting Items for Systematic Reviews and

Meta-Analyses.
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Step 2: Knowledge graph retrieval:
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insnlin therapy works for GDM."
LLM output: "Insulin therapy reduces blood sugar levels, helping

manage GDM and prevent complications.’”

Node properties : GDM: {type: “disease", prevalence: “high"}

Edge properties : controls: {strength: "strong", evidence: "RCT study"}

Step 4: Response generation: "Insulin therapy controls GDM by lowering
blood sugar levels and preventing complications. Clinical trials confirm its

Neo4j knowledge graph organizes extracted entities (eg, treatments,
outcomes) and relationships (eg, controls, enhances) into a graph structure

effectiveness in glycemic control."
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- Datacollection and preparation: The Semantic Scholar API
retrieved relevant research articles on GDM interventions.
A PRISMA (Preferred Reporting Items for Systematic
Reviews and M eta- A nalyses)—guided filtering processwas
applied to ensure that inclusion criteriawere met, resulting
in arefined corpus of 1212 high-quality articles.

- Entity extraction: Using GPT-3.5 Turbo (OpenAl) and
few-shot prompting, entities such as treatments, outcomes,
risk factors, and disease indicators were extracted from
full-text articles. Semantic consolidation (eg, grouping
“low-carb diet” and “reduced carbohydrateintake”) ensured
terminological consistency.

- KG construction: Extracted entities and their relationships
were encoded into a Neodj graph database. The graph
allowed efficient traversal of clinical pathways, such as
connecting interventions to outcomes and risk profiles.
Each node and edge pair was annotated with medical
metadata, such as intervention strength, evidence level, or
prevalence.

«  Query processing and graph retrieval: When a user query
is submitted (eg, “What treatments control GDM?"), the
system was designed to retrieve relevant subgraphs using
Cypher queries. These results are then passed to the LLM
for augmentation and contextual response generation by
incorporating patient records.

« Response generation: The final output is a clinicaly
coherent and relevant response integrating retrieved

https://diabetes.,jmir.org/2026/1/e76454
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evidence and a generative explanation. For example, based
on retrieved data, the model might respond: “Insulin therapy
controls GDM by lowering blood sugar levels and
preventing complications.” If asked why, the system might
explain: “Insulin enables glucose uptake by cellsthroughout
the body, particularly muscle and fat cells, by facilitating
glucosetransport across cell membranes. Without adequate
insulin, glucose accumulatesin the bloodstream while cells
are starved of this essential energy source.”

This multistep process would alow the system to access
reputable and current medical research to produce explainable,
evidence-grounded outputs for clinical decision support. Each
component of thisworkflow isfurther detailed in the following
subsections.

Data Collection

To develop a high-quality domain-specific KG for GDM, we
conducted a systematic search using the Semantic Scholar API
[35], awidely used biomedical research platform. The query
term “gestational diabetesinterventions’ was selected to target
studies focused on treatment strategies and clinical outcomes.
The search was restricted to articles published between January
2000 and May 2024, to cover both foundational and
contemporary research. The data collection and filtering process
adopted PRISMA guidelines, asillustrated in Figure 3.

JMIR Diabetes 2026 | vol. 11 | €76454 | p.8
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Figure 3. PRISMA flow diagram showing the systematic data coll ection and filtering process, detailing identification, screening, eligibility assessment,

and inclusion of research articles for knowledge graph construction.

Identification of medical research studies via databases and
registers (PRISMA)

Record identified from:
Databases (n=1)
Journal articles (n = 2305)
Registers (n = 0)

Identification

Records screened (n = 1667)

Reports sought for retrieval (n =1212)

Reports assessed for eligibility
n=1212
I .

Screening

(N N N N N N &5 N § |
New
studies included in
review (n = 1212):
Reports
of new included studies
(n=1212)

Induced

« ldentification: The initial search produced 2305 journal
articles. No records were found from registers. Automated
filters removed 638 ineligible records based on metadata
mismatches or irrelevant domains. No duplicate entries
were detected.

« Screening: The remaining 1667 articles were screened by
2 reviewers (FR and SB) based on titles and abstracts. This
stage ensured that only articles related to GDM diagnosis,
treatment, management, or intervention outcomes were
retained.

- Eligibility: A total of 1212 full-text articles were deemed
eligible based on the inclusion criteria. Articles were
excluded at this stage (n=455) dueto full-text unavailability,
access limitations, or insufficient clinical relevance.

« Inclusion: Thefinal corpusconsisted of 1212 peer-reviewed
studies, al of which were used to extract entities and
construct the GDM-focused KG.

While Semantic Scholar provided comprehensive coverage and
metadata-rich access, reliance on a single source introduces
potential limitations, such as limited representation of

https://diabetes.,jmir.org/2026/1/e76454
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non-English or region-specific research and sensitivity to
keyword variations. Future work could explore multilingual
database integration and broader query strategies to reduce
potential selection bias.

Nonetheless, for developing our PoC, the selected dataset
offered sufficient diversity and clinica validity to enable
meaningful experimentation and system devel opment.

Entity Extraction

Following the curation of the GDM research corpus, the next
step involved extracting clinically relevant concepts, including
treatments, risk factors, and outcomes, from the published
research. This process was executed using OpenAl’s GPT-3.5
Turbo 16K API [36], which supported advanced natural
language processing for domain-specific knowledge extraction.
Rather than relying on pretrained biomedical ontologies, we
adopted a lightweight prompting-based approach aligned with
our PoC’s experimental and modular goals.
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A few-shot prompting strategy was applied to guide thelanguage
model in identifying and structuring entities of interest in a
usable format. Guided by 3 medical doctors, the prompts were
manually engineered to show expected outputs, such as
intervention types (eg, insulin therapy, diet, and physical
activity), intervention parameters (eg, frequency, duration, and
dosage), and associated maternal and infant outcomes. This
enabled the model to consolidate synonymous or semantically
related expressions (such as “low carbohydrate diet” and
“reduced carb intake”) into a unified entity representation. The
same prompts also encouraged disambiguation of overlapping
terms and discouraged the duplication of entitiesacrossarticles.

The outputswere parsed into structured formats, which included
both individual entities and the semantic relationships among
them, for example, linking “insulin therapy” as atreatment that

Evangelista et al

“controls’ GDM, or connecting “smartphone-based lifestyle
interventions” to enhanced “ maternal outcomes.” These entities
and their connections were then directly integrated into the KG
in the next stage of development.

This stage of entity extraction was led by the coauthor (FR),
who specializes in bioinformatics and uses a technique we
describe as “medical prompt engineering.” The objective was
to ssimulate how future clinical Al assistants might extract
structured knowledge from unstructured medical literature
autonomously. However, we acknowledge that such extractions
would require validation by specialist health care professionals
to ensure accuracy and reliability for clinical deployment.

Theoverall entity extraction workflow, including prompt design,
model guidance, semantic structuring, and preparation for graph
integration, isvisualized in Figure 4.

Figure 4. Entity extraction workflow using large language models. The diagram is an example of the process for extracting interventions, risk factors,
and relationships, which produces structured and context-aware knowledge representation for gestational diabetes mellitus management. GDM: gestational

diabetes mellitus; LLM: large language model.
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Construction of the KG

Upon completion of the entity and relationship extraction, the
structured datawereintegrated into aK G using Neo4j, awidely
used open-source graph database [37]. Neo4j is optimized for
representing interconnected biomedical data, making it
well-suited for capturing the multifactorial nature of GDM
management, which involves dynamic relationships between
interventions, risk factors, outcomes, and complications [38].

The KG construction process involved linking each extracted
entity, such asinsulin therapy, dietary strategies, or risk factors
like obesity, to its semantically relevant mappings using
directional edges|abeled with relationship types (eg, “controls,”
“contributes to,” and “enhances’). Each node was annotated
with descriptive labelsand properties derived from the literature,

https://diabetes.,jmir.org/2026/1/e76454

and relationships were encoded with metadata such as source
references or study types, when available.

All nodes and edges were imported into Neo4j through a
structured ingestion pipeline, enabling clinicians or researchers
to query the KG using the Cypher query language. This
functionality alowed for exploratory clinical queries, such as
identifying interventions most frequently associated with
improved maternal outcomesin high-risk GDM casesor tracing
evidence paths for specific treatment combinations.

The resulting KG facilitated context-aware clinical decision
support by surfacing specific evidence-informed insights. For
example, a clinician's query, such as “What are the best
interventionsfor GDM in patients with aBM|I over 307" could
retrieve targeted graph segments linking relevant interventions
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(eg, low glycemic index diet and structured exerciseregimens) traversal initiated by a clinician’s question, leading to
to outcomes validated in theliterature. Thisdynamic capability  personalized treatment recommendations based on the structural
isdepicted in Figure 5, which illustrates arepresentative graph  relationships captured in the KG.

Figure 5. Knowledge graph—powered clinical support system for gestational diabetes mellitus. The graph-based search retrieves relevant interventions
and relationships, giving treatment recommendations. GDM: gestational diabetes mellitus; KG: knowledge graph.
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The KG serves asthe core reasoning backbone of the prototype
clinical assistant, consolidating distributed medical evidence
into aqueryablevisual knowledge substrate that can be updated
as new medical evidence emerges.

KG-Based RAG

To enhance the clinical utility of the constructed KG, we then
implemented an RAG approach [39]. This hybrid architecture
combines traditional retrieval mechanisms with generative
LLMs to produce contextually grounded and medically sound
responses. In clinical settings, where decision-making depends
on subtle interpretation and evidence-based insights, this
integration mitigates the limitations of standalone generative
systems like SLMs.

While LLMs, such as ChatGPT (OpenAl), can produce fluent
and context-aware responses, they are prone to hallucinations,
outdated knowledge, and domain-specific inaccuracies [19].

https://diabetes.,jmir.org/2026/1/e76454

Conversely, RAG addresses these gaps by coupling LLMswith
reputable (peer-reviewed) external knowledge sources. For
example, no medical claim, such as bleach being a valid
treatment for COVID-19, would have goneinto the KG. In our
PoC, entity-aware retrieval from the Neo4j-based GDM KG
provides factual context, which the LLM then uses to generate
a tailored response. This integration significantly improves
factual grounding and interpretability, essential in critical
domains, such as maternal health [20,21].

Using the PoC follows a 5-stage pipeline, visualized in Figures
6 and 7. Beginning with an initial clinical query, the system
encodes the user input and dynamically retrieves semantically
matched information from the KG. This process accounts for
risk factors, interventions, and patient-specific context, including
medical records and socioeconomic profiles, thereby aligning
output with real-world variability in treatment planning.
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Figure 6. End-to-end process flow of the graph-based retrieval-augmented generation solution. The pipeline processes medical literature and patient
data, integrating them into a structured knowledge graph for Al-driven clinical decision support. GDM: gestational diabetes mellitus; KG: knowledge
graph; LLM: large language model.
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Figure 6 shows the underlying LLM-KG pipeline, including
entity extraction, relationship linking, and graph query
generation. Figure 7 offers a complementary perspective by
emphasizing end-to-end data flow, from patient query and
literature matching to LLM response generation, thus
highlighting how both structured (graph-based) and unstructured
(textual) dataareintegrated to yield context-aware, personalized
responses.

Although Figures 6 and 7 present a simplified overview of
system functionality, the development processrequired iterative
prompt engineering, guided tuning, and manual validation to
align LLM outputs with the domain-specific vocabulary and
relationships obtained from GDM research literature [32,33].
Thisiterative refinement hel ped ensure that the GraphRAG PoC
consistently produces clinically meaningful recommendations
rooted in the KG, avoiding spurious correl ations and unverified
claims.

Evaluation Framework and Metrics

Theevaluation of the GraphRAG-powered local LLM for GDM
was conducted through a structured framework designed to
assess both technical performance and clinical relevance.
Applications of Al in health care require rigorous validation
beyond prompt engineering. This study used amultidimensional
evaluation process using a combination of quantitative metrics
and clinician-generated prompts.

Evaluation Objectives

The primary objective of the evaluation was to measure the
effectiveness of the proposed PoC in three “fit for purpose’
criteriaz (1) generating clinically relevant, context-aware
responses to queries on GDM management; (2) comparing its
performance against widely used open-source LLMs in terms
of accuracy and interpretability; and (3) assessing whether the
retrieval-augmented approach of GraphRAG significantly
improves response quality in medical decision support. These
criteria reflect the critical nature of clinical decision-making,
where Al-generated content’s clarity, accuracy, and contextual
relevance directly affect patient safety and clinical outcomes.

Testing Environment

The evaluation was conducted in a simulated environment,
without the involvement of live patients or human participants.
The GraphRAG-powered local LLM wasdeployed on an offline
computing environment, ensuring that no external APl calls or
third-party cloud services influenced the test outcomes. The
KG was prepopulated with medical research articles, as

https://diabetes.,jmir.org/2026/1/e76454
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described in the “ Prototyping aPoC” section, and served asthe
contextual knowledge base for all retrieval-augmented queries.

Prompt Desigh and Benchmark Models

The prompts used in the evaluation were carefully crafted to
simulaterealistic clinical and layperson queries. These prompts
were generated from two user groups: (1) laypersons represented
by 5 contributors (the authors) simulating patient queries,
verified for clarity and simplicity; and (2) clinicianscomprising
2 general practitioners (GPs) and 1 specialist physician, who
created queries based on typical clinical decision-making
scenarios.

Furthermore, 2 independent medical practitioners reviewed all
prompts to ensure clinical relevance (were the prompts aligned
with real-world GDM management scenarios?) and content
clarity (did the prompts avoid ambiguous phrasing or unrealistic
edge cases?)

The GraphRAG system was then benchmarked against 3
open-source LLMscommonly usedin medica Al research. The
comparison is intended to analyze the performance of a
domain-augmented local model (our PoC) against both
general-purpose and specialized health care LLMs.

«  ChatGPT [36]: A versatile, general-purpose LLM.

«  Claude [40]: Known for generating coherent, contextually
rich responses.

« BioMigtral [41]: A domain-specific medical LLM optimized
for health care contexts.

Our benchmarking comparesthe GraphRAG-enabled local LLM
against the above 3 LLM models to assess clinical relevance,
contextual accuracy, and terminological consistency. These
models were selected based on availability, health care domain
relevance, and ease of integration into our evaluation pipeline.
Whilewe acknowledge the increasing preval ence of open-source
LLMs such as LLaMA 3 (Meta Al), due to hardware
compatibility constraints and inference framework differences
at the time of testing, we could not integrate LLaMA 3 within
thetest environment. LLaMA 3 and other emerging open-source
models, such asMistral 7B (Mistral Al) and Phi-3 (Microsoft),
should be included in future benchmarking updates to expand
our comparative analysis, which is suggested as future work.

Evaluation Metrics and Rationale

Following established practices in evaluating health care Al
models [42,43], we used 5 complementary metrics, each
addressing a distinct dimension of Al-generated response
quality. These are presented in Table 3.
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Table. Metrics and their clinical significance in evaluating artificial intelligence—generated responses.

Metric Purpose Significance

Relevance score Measures alignment between response content  Critical for clinical decision support, whereirrel-
and user query. evant or off-topic answers compromise safety.

BLEU? score Evaluates syntactic similarity and phrase struc-  ngres AP responses replicate validated medi-

ture match against reference answers.

Jaccard similarity

BERT Score
tual embedding.

METEOR
generation.

Quantifiesoverlap in key medical terms between
model response and reference.

Assesses semantic similarity using deep contex-

Evaluate fluency and coherence in response

cal language without distortion.

Captures preservation of clinical terminology
essential in GDM® management.

Evaluates whether model responses capture the
intended clinical meaning beyond surface text.

Ensuresclarity and interpretability for both clin-
icians and patients.

3BLEU: bilingual evaluation understudy.
BAI: artificial intelligence.
°GDM: gestational diabetes mellitus.

Together, these metrics comprehensively address the precision,
contextual relevance, and interpretability of an Al model’'s
outputs, which are key requirements for clinical use cases.

Evaluation Process
The evaluation adopted the following steps:

First, each LLM, including GraphRAG, was presented with the
same curated set of 20 prompts (10 from simulated layperson
gueries and 10 from clinicians), covering core aspects of GDM
management, such as risk factors, diagnostics, treatment, and
complications. The 5 coauthors (EE, FR, SB, AN, and RS)
jointly drafted the layperson prompts, while clinical prompts
were contributed by 2 practicing GPs and reviewed by athird
medical specialist.

Second, the system’sresponseswere compared against reference
answers, curated from clinical guidelines and expert consensus
statements.

Third, evaluation was conducted in a zero-shot
retrieval-augmented setting. No supervised training or
fine-tuning was performed. The loca LLM operated on a
preconstructed KG as the contextual grounding source.

Fourth, automated evaluation metrics (bilingual evaluation
understudy [BLEU], Jaccard Similarity, BERTScore, and
METEOR) were computed using standard natural language
processing evaluation libraries. These scoresreflect surface-level
accuracy, overlap in medical terminology, and semantic
similarity.

Fifth, manual relevance scoreswere assigned by 2 independent
medical reviewers on a 1-5 scale, based on clinica
applicability, specificity, and usefulness of responses.

Finally, results were averaged across all prompts and models
and reported for comparative analysis in the Results section.
While performance scores are high (eg, BLEU=0.99
approximately), thisreflectsasmall, curated test set and should
not be considered generalizable. Cls and interrater agreement
were not calculated in this phase of the research.

https://diabetes.,jmir.org/2026/1/e76454

Benchmarking Scope and Qualifications

The evaluation was designed to show the technical feasibility
and domain relevance of the GraphRAG framework, rather than
to establish clinical deployment readiness for deployment.
Consequently, the following qualifications would apply:

First, all responses were evaluated in a smulated, offline
environment without involvement of human patients, real-time
electronic health record data, or live clinical workflows.

Second, no supervised training or dataset splitting wasinvolved,
as the system uses RAG rather than end-to-end training. All
prompts were presented statically to each LLM.

Third, asrecorded in our research logs, the KG was constructed
from acurated corpusof 1212 peer-reviewed, English-language
articleson GDM interventions, extracted via Semantic Scholar
API (2000 - 2024). The KG contains approximately 2750 nodes,
5800 edges, and 18 entity types, including risk factors, therapies,
dietary interventions, and outcomes.

Fourth, the evaluation prompt set, while medically validated,
remains small and nonrandomized. No demographic
stratification, multilingual testing, or subgroup fairnessanalysis
was performed.

Fifth, performance metrics assessed linguistic and contextual
quality only. There has been no empirical validation of clinical
efficacy, patient safety, or decision-making utility.

Finally, future iterations should expand prompt diversity,
compute interrater reliability scores, and explore prompt-based
fairness auditing.  Prospective clinical  trials and
feedback-integrated deployment pipelines are also planned.

Ethical Considerations

This study involved the development and technical validation
of a PoC clinical Al assistant for GDM management. The
research was conducted entirely in a simulated environment
without involving human participants, personal health data, or
clinical interventions. Accordingly, formal ethicsboard approval
was not required for this PoC phase of the research study.
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More specifically, thiswasin accordance with ethical research
standardsfor early-stage Al system development in health care.
We ensured that no human participants, no personal health data,
and no real-time clinical interventions resulted from this PoC
phase. While fairness across subpopulations was not eval uated
in this version, future efforts shall explicitly address this
dimension.

Data Source Transparency

The data used in this study were drawn exclusively from
public-domain, reputable academic research, collected through
the Semantic Scholar API. All articles retrieved were from
peer-reviewed scientific publications, ensuring no private,
sensitive, or patient-level datawere accessed or processed. The
use of publicly available literature aligns with ethical practices
in computational biomedical research, where datasets are
preferably in the public domain.

Simulated Testing Environment

The PoC was evaluated using simulated prompts designed by
the research team and reviewed by independent clinicians. No
real patient interactions, medical records, or clinical
environments were involved in the testing. This approach was
explicitly chosen to focus on the feasibility of the proposed
GraphRAG-powered knowledge retrieval and response
generation approach.

All comparisons against open-source LLMs (ChatGPT, Claude,
and BioMistral) were also conducted offline, with no data sent
to external serversduring evaluation, ensuring data security and
compliance with our concern that we do not train such models
with our research data.

Responsible Al Development

The design and development of the GraphRAG framework
adhered to ethical Al principles, emphasizing:

https://diabetes.,jmir.org/2026/1/e76454
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1. Trangparency: Clear explanation of methods and evaluation.

2. Sofety: Avoidance of deploying untested Al systemsinlive
clinical environments.

3. Explainability: Use of a KG for contextual reasoning and
improved interpretability.

4. Biasawareness. Although no patient datawere used, future
iterations will integrate fairness auditing to minimize
algorithmic bias.

Fairness and Demographic Representation

The development of the PoC used asmall set of curated prompts
authored by the research team and clinicians. Hence, no
demographic, linguistic, or regional diversity was represented
inthe evaluation. Thislimitation may impact the generaizability
of the system’s recommendations across patient populations.
Future prototyping iterations will integrate fairness-aware
evaluations, including prompt diversity across age, gender,
geography, and language, to improve equitable performance
acrossclinical contexts.

Results

System Demonstration Scenarios

The PoC beta testing in a simulated environment highlighted
thefeasibility of the GraphRAG-powered clinical support system
for GDM management. The PoC generated personalized,
clinically relevant responsesto GDM-rel ated queries, simulating
interactions between patients, health care professionals, and the
system.

Figures 8 and 9 present an illustrative scenario displaying how
the GraphRAG local LLM could support clinical consultations.
In this example, a patient presents a question regarding the top
risk factorsfor GDM. A health care professional, such asa GP
or maternity nurse, uses the GraphRAG-enabled clinical support
system to process the query into a prompt.
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Figure 8. GraphRAG-based clinical support system for gestational diabetes mellitus - iconographic representation. Al: artificial intelligence; GDM:
gestational diabetes mellitus, genAl: generative artificia intelligence.
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Figure9. GraphRAG-based clinical support system for gestational diabetes mellitus - process flow diagram. Al: artificia intelligence; GDM: gestational

diabetes mellitus; GP: general practitioner.

1. The patient asks a question.

What are the top three risk factors for GDM?

2. The GP or matemity nurse uses Al.

Uses Al

3. The GraphRAG system
processes the query.

The system processes the query.

4. Information refrieval searches
medical literature.

The retrieval tool searches medical
literature.

Provides

5. The knowledge graph
combines

ata.

The knowledge graph combines the data.

6. An Al-generated response
%5 refined. i

The response is refined.

7. The final answer |

The top 3 risk factors for

is provided.

v

v v

1. Being overweight or obese.

2. Having a family history of

3. Being over the
age of 25.

diabetes.

Asillustrated in Figure 8, the system processestheinitial query.
It generates a concise, contextually relevant response (ie, with
the benefit of the patient’s medical records), listing key GDM
risk factors such as maternal weight, family history of diabetes,
and maternal age. The process flow highlights how the system
integrates domain-specific medical literature and patient-related
contextual data through its underlying Neo4j KG, enabling it
to deliver evidence-based, patient-centered recommendations.

Figure 9 further elaborates on the underlying process. The
patient’s query initiates a series of steps where the system
retrieves relevant interventions and rel ationships from the KG.
The local LLM then generates a response with context-aware
medical knowledge. The final advisory to the health care
professional integrates the patient’s specific context and
up-to-date medical research, avoiding potential inaccuracies
and hallucinations.

https://diabetes.,jmir.org/2026/1/e76454
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This demonstration shows how GraphRAG can streamline
clinical consultations by providing up-to-date, evidence-backed
responses. Beyond basic patient interactions, the system can
address more advanced clinical questions, such as identifying
appropriate screening testsfor GDM or eval uating intervention
effectiveness. With explanation features, these capabilities
support informed decision-making for health care providersand
patients, enhancing the overall quality of care for GDM.

The detailed results of the system’s performance in various
scenarios are presented in the following 3 subsections. Thefirst
examinesthe system’ sresponsesto layperson prompts. The one
that follows analyzes its performance with clinically oriented
gueriesfrom 2 GPs. The third presentsthe comparative analysis
of model performance using standard eval uation metrics across
GraphRAG and 3 other LLMs.
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GraphRAG Local LLM Response to Prospective
Patients’ Prompts

The GraphRAG Local-LLM generated clear, clinically relevant
responses to patients' queries related to GDM management.
These prompts were designed to simulate questions that a
general audience might ask during health consultations with
their health care provider. The system’s responses highlighted

Table. Responsesto patient prompts.

Evangelista et al

its ability to simplify complex medical concepts while
maintaining factual accuracy and clinical relevance.

Table 4 presents example prompts and the corresponding
GraphRAG-generated responses. For example, when asked
about the top 3 factors determining gestational diabetes risk,
the system correctly identified key risk factors such as weight,
family history of diabetes, and maternal age.

Prompt

Response

What are the top 3 factors determining gestational diabetes risk?

How can we safeguard ababy’s health and wellnessfor gestational diabetes
patients?

What nutrition is recommended to prevent gestational diabetes?

Are gestational diabetes patients more likely to have a cesarean or a stan-
dard delivery?

What neonatal screening should acouplewith afamily history of diabetes
undergo before planning to have ababy? Are there precautions they could
take?

«  Weight: Being overweight or obeseincreases your risk of gestational
diabetes.

«  Family history: Having afamily history of diabetes or a personal
history of gestational diabetes in a previous pregnancy can increase
therisk.

o Age Older women, especialy those over 25, are at higher risk of
developing gestational diabetes.

«  Monitor blood sugar levels, follow a healthy meal plan, engage in
regular physical activity, take prescribed medications, attend prenatal
check-ups, and follow healthcare guidance.

. Eatabaanced diet highin fiber and low in added sugars and un-
healthy fats. Include fruits, vegetables, whole grains, lean proteins,
and healthy fats.

«  Women with gestational diabetes are more likely to have a cesarean
delivery due to risks like macrosomia, shoulder dystocia, and birth
trauma.

«  Consider genetic counseling and testing. Preconception counseling
can help identify risks and precautions, with personalized plans de-
veloped alongside health care professionals.

These results show the system’s capacity to convey medical
information in a manner accessible to nonspecialist users. The
responses accurately addressed the queries using medically
appropriate language, ensuring clarity for ageneral audience.

Responsesto GP Prompts

The GraphRAG system was evaluated using clinically relevant
prompts provided by GPs. These prompts simulated real-world
clinical queries related to the diagnosis, management, and
long-term planning of GDM. The system generated medically
valid responses as assessed by the participating GPs and
diabetol ogists, addressing both basic and advanced aspects of
GDM care.

https://diabetes.,jmir.org/2026/1/e76454

Responsesto Prompts From GP 1

Table 5 presents the responses generated by GraphRAG for the
first set of prompts from GP 1. These prompts covered
foundational aspects of GDM diagnosis and management. For
example, when asked how to diagnose GDM, the system
recommended the glucose challenge and tolerance tests,
reflecting standard clinical guidelines. The responses addressed
both diagnostic procedures and recommended clinical
management steps.

The responses provided clear, evidence-aligned answers
covering diagnostic tests, management strategies, fetal
monitoring approaches, and long-term complications.
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Prompt

Response

How do | diagnose gestational diabetes?

What measures would you advise me to take once | am diagnosed with
GDM*?

What fetal changes should | monitor (and how) in gestational diabetes?

What are the cutting-edge medical and non-medical interventions| could
take to control GDM in pregnant mothers?

What are the long-term complications for GDM mothers and their off-
spring?

Gestational diabetesistypically diagnosed through a glucose challenge
or glucose tolerance test. A sugary solution is consumed, and blood sugar
levels aretested. If results are high, amore detailed glucose tolerance test
is done. A health care provider must confirm the diagnosis and guide
management.

Monitor blood sugar regularly, follow a health care-guided meal plan,
engage in physical activity, attend prenatal care visits, take prescribed
medications, and stay in contact with your health care team.

Monitor fetal growth viaregular ultrasounds, track amniotic fluid and fetal
movements (kick counts), and consult health care providers for ongoing
prenatal assessments.

Usetechnologies like continuous glucose monitors and personaized insulin
therapy. Also, nonmedical options such astailored diets, physical activity,
and stress reduction should be applied, ideally with specialist consultation.

GDM increasestherisk of type 2 diabetesin mothers and raises the chance
of obesity, metabolic syndrome, and diabetes in children. Long-term fol-
low-up is essential for both.

3GDM: gestational diabetes mellitus.

Prompts From GP 2 and GraphRAG Local LLM
Responses

Further evaluation was conducted using prompts from GP 2,
which explored broader clinical topics, including screening

Table. Responsesto prompts from genera practitioner 2.

tests, genetic factors, and emerging therapies. Table 6
summarizes the system’s responses.

According to the medical practitioners, the GraphRAG system
generated contextually appropriate responses, addressing
established clinical practices and emerging medical topics in
GDM care.

Prompt

Response

What basi ¢ screening tests for GDM@should | perform and monitor regu-
larly?

On balance, does medical evidence suggest a greater genetic influence of
the father or the mother for DMP?

If the patient and her husband decide to go ahead with starting a family,
what medical interventions can | prescribe to alleviate the risk of GDM?

Can proper oral and dental care alleviate GDM during pregnancy? What
are some effective measures?

Arethere promising stem-cell or epigenetic treatments that could ease my
patient’s hesitance to start afamily?

Standard tests for screening and monitoring GDM include:

«  Glucosechallengetest (GCT) —aone-hour blood test after consuming
asugary drink.

«  Oral glucose tolerance test (OGTT) —afollow-up fasting test with
multiple blood draws.

o  Glycated hemoglobin (A1¢) — reflects average glucose levels over
the past months.

« Regular blood glucose monitoring —daily checks using aglucometer.
Consult a healthcare provider for tailored testing schedules.

Both parents can genetically influence therisk of DM. The extent varies
by DM type and individual genetic profiles. Environmental factors also

play akey role.

Medical interventionsinclude:

« Hedthy diet and lifestyle habits.

« Regular blood glucose monitoring.

o Medications such as metformin, if required.

« Referral to anutritionist or diabetes educator.

«  Theprovider should personalize recommendations.

Thereisno direct link between oral care and GDM prevention. However,
good dental hygiene supports overall pregnancy health. Recommendations
include brushing twice daily, flossing, and routine dental visits.

Stem-cell and epigenetic research show potential, but are still in the early
stages. Patients should consult reproductive speciaistsfor the latest updates
and personalized advice.

3GDM: gestational diabetes mellitus.
PDM: diabetes mellitus.
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Compar ative M odel Performance

Overview of Benchmarking Procedures

The GraphRAG system was benchmarked against 3widely used
LLMs, BioMistral, ChatGPT, and Claude, using a standardized
set of clinical prompts focused on GDM management. The
models’ responses were evaluated using 5 quantitative metrics
that assessed relevance, linguistic precision, terminology
consistency, contextual understanding, and coherence.

Evangelistaet d

Benchmarking Results

Figure 10 presentsacomparative analysis of themodels average
performance across 5 evaluation metrics. GraphRAG achieved
the highest scoresin BLEU, Jaccard Similarity, and BERT Score,
indicating strong alignment with clinical phrasing, preservation
of key medical terms, and deep contextual accuracy. Relevance
Scoreand METEOR also reflect competitive performance across
all models.

Figure 11 showsaradar chart (also known asaKaviat diagram)
of the sameresults, highlighting GraphRAG's balanced strengths
across multiple evaluation dimensions.

Figure 10. Comparative performance of GraphRAG, BioMistral, ChatGPT, and Claude across eval uation metrics. BLEU: bilingual evaluation understudy.
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Figure 11. Radar chart visualizing model performance across key metrics. BLEU: bilingual evaluation understudy.
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Key Observations

1. Relevance Score: GraphRAG and BioMistral showed
comparableresults, aligning well with the clinical intent of
queries.

2. BLEU Score: GraphRAG outperformed al other models,
reflecting precise replication of validated clinical
EXpressions.

3. Jaccard Similarity: GraphRAG highlighted superior
consistency in medical terminology usage across responses.

4. BERTScore: The model achieved the highest semantic
similarity, indicating deep contextual understanding.

5 METEOR: GraphRAG generated coherent and fluent
responses suitablefor clinical communication, comparable
with ChatGPT and Claude.

These findings demonstrate the technical feasibility of the
proposed GraphRAG-enabled local LLM. However, we stress
that as a PoC evaluated in a simulated environment, the
prototype is not ready to be deployed in real-world clinical
settings. Even so, these results show that the GraphRAG
approach effectively balances linguistic precision, contextual

https://diabetes.,jmir.org/2026/1/e76454
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depth, and clinical relevancein GDM decision support scenarios.
Besides BioMistral, ChatGPT, and Claude, new open-source
LLMssuch asLLaMA 3, Mistral 7B, and Phi-3 are becoming
prevalent in health care Al. Although hardware and framework
limitations prevented their inclusion in this study, we recognize
their importance as baselines. Future work will add these models
to expand our comparative analysis.

Discussion

Principal Findings

Thisstudy demonstratesthat the GraphRAG-enabled local LLM
consistently produces clinically relevant, contextually grounded,
and medically precise responses for managing GDM. Through
a rigorous benchmarking process against established
open-source models, BioMistral, ChatGPT, and Claude, the
GraphRAG approach achieved top-tier performance across all
key evaluation metrics: BLEU Score, Jaccard Similarity, and
BERTScore. The radar chart (Figure 11) illustrates
well-balanced strengths of the model across multiple evaluation
dimensions. Notably, first, GraphRAG matched BioMistral in
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Relevance Score, indicating strong alignment with the clinical
intent behind queries of the health care providers. This score
reflects how accurately the system understands and responds
to the specific clinical context of the user, which is critical in
decision support. Second, GraphRAG outperformed all models
in BLEU Score and Jaccard Similarity, showcasing its ability
to reproduce clinical phrasing with syntactic accuracy and
maintain consistency in key medical terminologies, avital factor
for preserving the meaning of technical medical advice. Third,
it achieved a superior BERTScore, showing deep semantic
understanding. This reflects the capacity of the mode to
generate responses that not only match expected language
structures but also accurately convey complex clinical
relationships within GDM care. Finaly, the superior
performance across these diverse metrics stems from the
architectural design of GraphRAG. By integrating
domain-specific KGs with RAG, the system grounds its
responsesin verified clinical evidencerather than relying solely
on probabilistic language patterns. This integration mitigates
common challenges of genera-purpose LLMs, such as
hallucinations and domain irrelevance, ensuring that responses
are both medically accurate and context-aware.

These findings validate the core hypothesis that combining
structured medical knowledge and patient-specific information
with GenAl significantly enhances the quality, safety, and
reliability of Al-generated clinical recommendations.

Implications for Al-Driven Clinical Decision Support

The empirical results of this study highlight the transformative
potential of GraphRAG-powered local LLMs in advancing
Al-enabled clinical decision support systems. Thisisparticularly
the case within specialized domains, such asGDM management,
where expertiseis scarce and uneven. By combining structured
retrieval from adomain-specific KG with contextual generation,

Textbox 2. GraphRAG response to aclinical query on managing GDM.

Evangelista et al

the system addresses thelongstanding gap between unstructured
clinica queries and structured evidence-based medical
knowledge.

The GraphRAG approach addresses a critical limitation of
genera-purpose LLMs, such as ChatGPT and Claude, which
often prioritize linguistic fluency over clinical accuracy. While
these models can generate coherent responses, they frequently
lack the domain specificity needed for accurate clinical
guidance. In comparison, the responses of GraphRAG
consistently align with established clinical guidelines, reflecting
adeep understanding of current medical standards and practices.
For example, when prompted to hear about GDM diagnosis,
GraphRAG accurately recommended the glucose challenge and
tolerance tests, mirroring clinical best practices. Thisindicates
that the system is not merely generating plausible text but
retrieving and contextualizing domain-specific evidence to
support clinical decision-making.

The clinical utility of such contextually enriched responsesis
profound. In healthcare, where treatment decisions directly
affect patient safety and outcomes, factual accuracy and
contextual relevance are not optional but essential. The ability
of GraphRAG to consistently deliver these qualities positions
it as a valuable tool for supporting health care providers,
particularly in low-resource or high-pressure clinical
environments where access to specialist knowledge may be
limited.

The practical utility of GraphRAG is further illustrated in
Textbox 2, which presents a representative response to a
clinically relevant query about managing insulin resistance in
patients with GDM. Unlike generic language models,
GraphRAG provides structured, evidence-aligned
recommendations grounded in recent clinical guidelines.

Query: What are the latest recommendations for managing insulin resistance in GDM patients?

GraphRAG response: Recent studies suggest a multi-faceted approach to managing insulin resistance in GDM patients, including:
1. Personalized low glycemic index diets, emphasizing complex carbohydrates and fiber-rich foods.

2. Structured exercise programs combining aerobic and resistance training for at least 150 minutes per week.

3. Early initiation of metformin where lifestyle modifications are insufficient, as per the 2023 guidelines.

4. Continuous glucose monitoring to optimize insulin dosing and adjust lifestyle recommendations.

5. Regular screening for comorbidities such as hypertension and dyslipidemia, which contribute to insulin resistance.

The above sections highlight the ability of GraphRAG to
transform unstructured clinical questions into actionable,
guideline-compliant insights. By synthesizing evidence from
domain-specific KGs, the system avoids unsupported claims
and produces responses aligned with best clinical practices,
supporting its role as a trustworthy clinical decision support
tool.

Contributionsto Al in Health Care

This study advancesthefield of health care Al by presenting a
scalable, contextually enriched clinical support system
specifically designed for GDM management. We believe that
our key contribution lies in the system’s ability to empower

https://diabetes.,jmir.org/2026/1/e76454

GPs and nonspecialist clinicians, particularly in underserved
and resource-limited health care environments with limited
access to endocrinology specialists and up-to-date clinical
knowledge. By using aKG-driven retrieval process, the system
surfaces context-specific clinical insights without requiring
clinicians to conduct exhaustive manual literature reviews or
consult multiple sources. Here, a word of caution is in order.
We reiterate that the POC works best asaclinical assistant; that
is, a health practitioner must be in the loop. This is important
given the dangers of unsupervised Al agents, which may usurp
the role of ahuman caregiver without human oversight [44]. It
is concerning that a recent, peer-reviewed (and in our view,
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misguided) study actually normalizes a doctor versus machine
“Turing-test of authenticity” [45].

Furthermore, this study shows domain-specific superiority over
genera-purpose LLMs. While models such as ChatGPT and
Claude can produce coherent responses, they lack the fine-tuned
contextual sensitivity and clinical precision essential for
specialized health care domains. |n comparison, the architecture
of GraphRAG is optimized to capture the complex relationships
inherent in GDM management, such as patient history with risk
factors, availability of interventions, and outcome pathwaysfor
follow-up medical care, thereby enhancing both response
accuracy and clinical applicability.

This study contributes to a novel retrieval-augmented GenAl
architecture that trans ates domain-specific medical knowledge
into clinically actionable insights. It serves a need; namely,
access to the latest, credible medical research in time- and
resource-constrained environments. In health care, timely and
science-based interventions are crucial.

Technical Innovations Driving Performance Gains

The robust performance of the GraphRAG-enabled local LLM
stems from the integration of 3 core technical innovations that
address longstanding limitationsin clinical Al systems.

First, the KG integration allowsfor the structured representation
of complex clinical relationships between risk factors,
interventions, symptoms, and outcomes. Unlike flat text
embedding, the KG enables the system to reason over
interconnected entities and contextual dependencies, ensuring
that recommendations are grounded in the complete clinical
scenario rather than isolated data points.

Second, the RAG framework of the system addresses the gap
between static model knowledge and dynamic, evolving medical
evidence. The system mitigates temporal gaps by integrating
retrieval from an up-to-date domain-specific KG. It reducesthe
risk of hallucinated or outdated responses, a common flaw in
general-purpose LLMs trained on static corpora.

Third, the domain-specific adaptation of the model through
targeted prompting strategies and fine-tuning on GDM-related
interventions enhances its ability to understand and accurately
apply specialized clinical terminology in localized contexts.
This adaptation ensures that the system’s responses reflect the
nuanced requirements of GDM management, capturing both
the syntactic precision and semantic depth necessary for
high-stakes clinical situations like emergency room triage.

We believe that these innovations enable the system to move
beyond generic language generation, delivering interpretable,
actionable, and clinically validated responses. Thisadvancement
represents ameaningful step toward reliable Al-assisted clinical
decision-making, especialy for chronic disease management
scenarios where timely and context-aware recommendations
are essential.

Conclusions

Limitations and Challenges for Clinical Deployment

While the initial results from this PoC study are promising,
severa critical limitations must be addressed before GraphRAG

https://diabetes.,jmir.org/2026/1/e76454
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can be trandlated into clinical practice. Intended as a PoC, the
system has not undergone field validation. Future studies
involving real-world patient interactions, clinician feedback,
and longitudinal follow-up are essential to establish themodel’s
safety, reliability, and usability in live health care environments.

A second major consideration concerns data privacy and
protection. Although thisPoC did not involve patient-level data,
real-world deployments would necessitate strict adherence to
data protection frameworks. The integration of
privacy-preserving learning paradigms, such as federated
learning, would allow models to be trained on decentralized
clinical data without exposing sensitive patient information.
Complementary techniques, such asblockchain for differential
privacy and secure multiparty computation, could further protect
patient confidentiality.

Theinterpretability of Al-generated clinical responses remains
apressing challenge. While GraphRAG uses structured retrieval
to enhance contextual grounding, clinicians must be ableto trust
and explain its outputs. Future iterations of the system should
integrate explainability frameworks such as Shapley Additive
Explanations or Local Interpretable Model-agnostic
Explanations, enabling cliniciansto trace and retrieve evidence
on how specific KG pathways contribute to a given clinical
recommendation.

In addition, seamless workflow integration will be critical for
adoption. Clinical decision support systems must embed
naturaly within existing electronic health record platforms,
minimizing disruption to physician workflows. Without such
integration, even the most accurate systemsrisk being underused
in clinical practice.

As with many multistage Al pipelines, GraphRAG is also
subject to the risk of error propagation, where inaccuracies in
earlier stages, such as entity extraction or graph construction,
may be compounded in downstream response generation. While
our current prompt engineering and domain-specific graph
design reduce this risk, future versions will integrate
intermediate validation checkpoints, feedback loops, and
retrieval-failure auditing to ensure response fidelity and system
transparency.

Another key limitation is the reliance on English-language
peer-reviewed articles from a single aggregator (Semantic
Scholar). This has excluded regional or non-English medical
literature with culturaly adapted GDM interventions. Future
work should incorporate multilingual and regionally diverse
corporato improve the model’s generalizability and contextual
sensitivity, particularly in Global South health care settings.

Finaly, the computational demands of GraphRAG's RAG
architecture present scalability challenges. The latency and
resource consumption must be optimized to support rea-time
inference in time-sensitive clinical settings, especialy in
environments where computational capacity may be limited.
Addressing these challenges is essential for transitioning
GraphRAG from an academic PoC to a clinically viable,
ethically responsible Al system.
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Broader I mplications and Future Research Directions

Building on the demonstrated feasibility of our PoC, our future
research agenda is designed to advance the GraphRAG
framework along 2 primary axes: strategic domain expansion
and coretechnical refinement. First, we proposeto strategically
adapt the framework for other data-intensive clinical areas,
including cardiovascular disease, oncology, and mental health,
where evidence-grounded decision support is crucial. Second,
we will enhance the core retrieval engine by integrating
advanced algorithms, such as contextua BM25 and
embedding-based summarization, to improve precision. To
improve robustness and transparency, we propose implementing
new retrieval-specific metrics, such as recall and failure rates.
We have established a roadmap and aim to pursue these
enhancements in our next research cycle, solidifying the
GraphRAG pipeline as a viable tool for real-world clinical
decision support.

Thelegd, ethical, and intellectual property considerations will
also shape future deployments. To ensure transparency and
reduce legal risks, future iterations will prioritize training on
open-access datasets such as PubMed Central, adhering to
responsible Al development practices and open science
principles.

To protect patient privacy and mitigate algorithmic bias will
remain core ethical imperatives. The federated learning and
anonymized blockchain solutions could support decentralized

Textbox 3. Closing vignette on gestational diabetes.

Evangelista et al

training across ingtitutions without compromising patient
confidentiality. Bias audits, fairness-aware modeling, and
hallucination mitigation strategies, such as reranking retrieved
evidence and diversifying training datasets, will improve the
reliability and equity of the system’s clinical recommendations.
In such atrusted platform, integrating GraphRAG with real-time
patient data could enable personalized clinical decision support,
customizing recommendations to individual genetic profiles,
lifestyle factors, and environmental exposures. This evolution
toward precision medicine would represent a significant leap
forward in Al-driven health care delivery.

To overcomethe limitation of computational costs, the enhanced
system will require architectural optimizations to enable
scalability in resource-constrained clinical settings. Techniques
such as prompt caching, adaptive chunking of graph queries,
and hybrid retrieval strategies will reduce computational costs
and response latency. This will support deployments in
low-bandwidth environments, such as rural clinics and
community health centers.

In the long term, retrieval-augmented LLMs, such as
GraphRAG, are envisioned not as autonomous clinical agents
but asclinical copilots, supporting, rather than replacing human
clinicians. Their evaluation in live clinical workflows will be
critical to determining their optimal role as decision-support
systems. A reflective perspective on this motivation is presented
in Textbox 3, showing the personal origins of our research
guestion.

“| do not wish to alarm you, Mrs. Sharma, but you have been diagnosed with gestational diabetes and your baby is 10 pounds at birth. Both of you

need to be careful ”

[Ward Nursein Singapore's Kandang Kerbau Maternity Hospital to the mother of the last author, circa 1961]

In 2022, the mother passed away peacefully at the age of 88, her diabetes controlled with insulin injections for decades. The “baby” (the last author
and principal investigator of this study [RS]) was diagnosed with type 2 diabetes at the age of 60, giving rise to our research question of whether a
graph-based retrieval-augmented generation solution could change the outcome for both with timely, relevant best practices.

In closing, this paper sought to establish the feasibility of a
GraphRAG-enabled local LLM architecture for generating
clinically relevant, context-aware responsesin the management
of diseases, such as GDM [46]. By integrating domain-specific
KGswith RAG, the system outperformed general-purpose LLMs
across multiple eval uation metrics, offering evidence-grounded
and terminologically precise clinica recommendations. While
this work serves as a technical PoC, future research will need
tofocuson (1) prospectiveclinical validation involving real-time

patient interaction, (2) multimodal agents to improve
accessibility and cultural sensitivity, and (3) integration of
explainable Al modules, such as Shapley Additive
Explanations—based K G traceahility, resulting in enhanced trust
and transparency for the 2 key humansin the loop — the patient
and her doctor. Ultimately, we believe the transformative
potential of Al-powered decision support toolswill personalize
careand improveclinical outcomes, particularly in underserved
societies.
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Abstract

In our study, acommercially available continuous ketone monitoring device captured 3-Hydroxybutyrate (BHB) dynamicsduring
exogenous ketosis but revealed a gradual decline day-to-day BHB concentrations over 14 days in both ketone ester and placebo

groups, likely reflecting sensor drift.
(JMIR Diabetes 2026;11:e85548) doi:10.2196/85548
KEYWORDS
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Introduction

Continuous measurement of ketone bodiesis of scientific and
clinical interest, providing insights into type 1 and type 2
diabetes, ketogenic diets, intermittent fasting, and exogenous
ketone precursor supplementation. Current finger-prick
point-of-care testing (POCT) devicesareinvasive, intermittent,
and fail to capture dynamic fluctuations|[1]. Continuous ketone
monitoring (CKM), asmall device measuring interstitial ketone
(B-hydroxybutyrate, BHB) levels, offers a potential solution
[2]. CKM research, however, remains in its early stages, with
only a single commercially available device at present (SiBio
KS1, Hong Kong), to the best of our knowledge. Exogenous
ketone supplementations are currently studied for potential
therapeutic applications, including weight loss, enhanced
exercise  performance, and the management of
neurodegenerative, cardiovascular, and inflammatory conditions
[3-5]. We hypothesized that CKM would accurately track BHB
and evaluated its performance under sustained intermittent
supraphysiological ketosis.

Methods

Study Design

This work is part of a larger study on exogenous ketosis and
erythropoiesis (Thomsen et al, unpublished). CKM became

https://diabetes.jmir.org/2026/1/e85548

RenderX

available midway through the study and was therefore applied
sequentialy in the final 7 of the 16 healthy volunteers.
Participants were randomized to receive either a ketone ester
(KE) drink (500 mg/kg/d) or a placebo (PBO), matched for
volume, taste, and viscosity. Over two weeks, drinks were
consumed two to three times daily, with half the dose before
sleep. Participants were blinded to CKM readings, while
investigators were not blinded. We tested the effects of time,
treatment, and their interaction on log-transformed BHB area
under the curve (AUC) using alinear mixed-effects model and
applied polynomial contrasts to assess linear trends.

Ethical Consider ations

The study was conducted in accordance with the Declaration
of Helsinki I, approved by the regional ethics committee
(#1-10-72-221-22), and registered with ClinicalTrias
(NCT06053138). Oral and written informed consent was
obtained from all participating patients. Participant data were
pseudonymized to ensure confidentiality. Participants received
financial compensation for their time and participation.

Results

A total of 7 participants wore CKM devices: 4 in the KE group
(3female, 1 male) and 3in the PBO group (2 female, 1 male).
Median age was 41 years (IQR 28-55). One KE participant’s
sensor detached on day 4 and was not replaced, but CKM
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readings until detachment were included in the analyses. BHB
AUCswere significantly influenced by both day and treatment,
with an interaction effect (P=.006). In the KE group, BHB
showed asignificant linear decrease over 14 days (P<.001), and

Kjeg et d

asmaller but significant decline was also observed in the PBO
group (P=.02). Consequently, group differences diminished,
with KE and PBO becoming indistinguishable by the final day
(Figure 1).

Figurel. Day-by-day changesin total BHB areaunder the curve (AUC) for both the Ketone Ester (KE) group (n=4, orange) and placebo (PBO) group
(n=3, blue). Scatter pointsrepresent individual AUC measurementsfor each participant across the 14 study days. Solid lines depict the back-transformed
|east-square means of BHB concentrations from a mixed-effects model, estimated separately for each day and treatment group, and the shaded regions

represent the confidence intervals. BHB: beta-hydroxybutyrate.
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Discussion interstitial fluid. In comparison, anin-development multianalyte

This study evaluated the performance of a commercialy
available CKM device during 14 days with intermittent
exogenous ketone supplementation. Our findings demonstrate
that the CKM detected increases in interstitiad BHB
concentrations following KE ingestion but reveded a
progressive decline in BHB concentrations over the 14-day
study period in the KE group, indistinguishable from the PBO
group on thelast study day. This contrastswith two prior studies
in which participants received KE for 14 days before ingesting
25gKEinalaboratory setting on day 15[6,7]. Inthose studies,
peaks reached ~2.3 mM at 1 hour and declined to ~0.5 mM at
4 hours, with no evidence of a declining peak BHB
concentration following a comparable period of intermittent
exogenousketosis. Importantly, we observed atemporal decline
in BHB concentrations aso in the placebo group, highly
suggesting a  ketone-independent  physiological  or
measurement-rel ated drift. Therefore, thisraisesthe possibility
of sensor-related limitations. Potential explanations include
sensor enzyme degradation, biofouling, temperature effects,
compression, or interstitial variability [8]. The underlying sensor
principle is not fully disclosed but thought to use a modified
electrochemical method reacting selectively with BHB in

Acknowledgments

sensor using a three-electrode system with NAD*-dependent
[B-hydroxybutyrate dehydrogenase and osmium-based redox
chemistry has shown stable 14-day performance in 12 healthy,
low-carbohydrate-consuming participants[9,10]. A future study
is anticipated with interest since it will assess the accuracy of
the same device used in our study, SiBio KS1, in subjects
following a 14-day ketogenic diet (NCT06420518). Limitations
for our study include not comparing the CKM-derived ketone
levels with gold standard blood BHB measurements (eg,
finger-prick tests), making it difficult to definitively decide if
our observations are due to sensor-specific limitations or not.
Additionally, the small sample size and statistical power may
impact the generalizability of our findings, and it isimportant
to note that the study was not originally designed to evaluate
CKM performance.

In conclusion, CKM captured BHB dynamics during exogenous
ketosis but revealed agradual decline in day-to-day BHB AUC
over 14 days in both KE and PBO groups, likely reflecting
sensor drift rather than physiologica adaptation. Larger
controlled studies with direct comparison of CKM and blood
BHB measurements are needed to confirm accuracy and clinical
utility, and must include more than a single batch of CKM
devices.
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Abstract

Background: Inthe past decade, telehealth has transformed health care delivery by allowing patients more rapid and convenient
access to necessary care without the cost and logistical challenges of traveling to a health care facility. Telehealth services can
benefit patients with type 2 diabetes mellitus (T2DM) amid a growing epidemic of T2DM in the United Statesthat affects people
of all ages and races. In 2020, 33 million people were diagnosed with this chronic disease, with the number expected to rise by
50% by 2040. Telehealth facilitates regular contact between patients and their providers, especially when there are geographic
barriers and time constraints prohibiting physical interaction, at little or no added cost to the patient and at their convenience.

Objective: Thisstudy examines cultural and technological barriers affecting telehealth adoption among Asian American people
with T2DM.

Methods: A qualitative case study approach was employed, utilizing semistructured interviews with 30 Asian American
individualsin Missouri. Thematic analysis was used to identify key barriers.

Results:. Four major barriers emerged: (1) language and cultural barriers—limited availability of trandated materials and
interpreters; (2) limited digital literacy and access—older adults and individuals with low technological exposure struggled with
telehealth platforms; (3) limited provider recommendations—health care providers did not actively endorse telehealth, reducing
patient awareness of telehealth as an option; and (4) technology access and infrastructure disparities—|ow-income participants
faced challenges with the costs of and access to broadband and tel ehealth-compatible devices.

Conclusions: Addressing cultural and technological barriersis crucial to increasing telehealth adoption among Asian American
people with T2DM. Culturally tailored interventions, provider engagement, and digital literacy programs should be prioritized.
Policy efforts must focus on expanding broadband access and providing multilingual telehealth resources.

(JMIR Diabetes 2026;11:€75689) doi:10.2196/75689
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Asian American; type 2 diabetes; telehealth; digital literacy; cultural barriers; health disparities

with this chronic disease, with the number expected to rise by
50% by 2040 [4].

Telehealth facilitates regular contact between patients and their

Introduction

Telehealth refers to atool, process, or system that can provide

patients with asimpler appointment scheduling process, remote
access to clinical services that lessen the need for travel, and
increased interaction with health care providers to improve
medical outcomeswhilereducing health care costs[1,2]. Inthe
past decade, telehealth has transformed health care delivery by
allowing patients more rapid and convenient accessto necessary
care without the cost and logistical challenges of traveling to a
health care facility [3]. Telehealth services can benefit patients
with type 2 diabetes mellitus (T2DM) amidst a growing
epidemic of T2DM in the United States that affects people of
all agesand races[4]. In 2020, 33 million peoplewere diagnosed

https://diabetes.jmir.org/2026/1/e75689

providers, especially when geographic barriers and time
constraints prohibit physical interaction, at little or no added
cost to the patient and at their convenience [5]. Telehealth
services have the potential to optimize T2DM management by
empowering patients to engage in self-care to slow disease
progression, prevent complications, and lessen the health care
burden [4,6]. Self-management among patients with T2DM
includes proper nutrition, adequate physical activity, regular
blood glucose monitoring, medication compliance, disease
knowledge, lifestyle modifications, and self-efficacy [7]. To
ensure effective self-management among patients at high risk

JMIR Diabetes 2026 | vol. 11 | €75689 | p.32
(page number not for citation purposes)


http://dx.doi.org/10.2196/75689
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES

or with a diagnosis of T2DM, telehedlth can facilitate digital
health coaching for long-term management or prevention of
T2DM across popul ation subgroups[8]. Asian American people
include multiple subgroups (eg, Chinese, Indian, Vietnamese,
Filipino, Korean, and Nepali). Cultura differences among these
groups are substantial, especialy among first-generation
individuals.

According to the US Department of Health and Human Services
[9], Asian American people are 40% more likely to be diagnosed
with diabetes than non-Hispanic Whiteindividuals. Despitethis
higher prevalence, telehealth utilization among Asian American
people remains low, as this population is disproportionately
underserved [6,10]. Several factors contribute to this disparity,
including cultural norms, digital literacy, provider engagement,
and technological access [11]. Many Asian American
communities face language barriers, limiting their ability to
navigate telehealth platforms effectively [12,13], and older
adults may struggle with technological proficiency, creating
challengesin virtual health care engagement.

Given the disproportionate burden of T2DM among Asian
American people and their persistently low telehealth usage,
this study sought to answer the following questions: what
cultural and technological barriers limit adoption? and what
strategies might address them? These questions are urgent given
the stakes, including T2DM complications, loss of care access,
and widening racia health disparities. By centering user
experience and structural constraints, the study identifies critical
leverage points for more equitable digital health policy and
practice.

Understanding these barriersis critical for designing equitable
telehealth interventions that improve access to diabetes care.
Therefore, this study explored the cultural and technological
challenges hindering telehealth adoption among Asian American
peoplewith T2DM, providing insightsfor health care providers
and policymakers. The guiding theoretical framework was the
unified theory of acceptance and use of technology (UTAUT),
an integrated approach used to predict and understand how and
why individual s or groups accept or reject various technologies
[11]. In the context of this inductive study, UTAUT provided
a foundation for examining telehealth adoption among Asian
American peoplewith T2DM and was used to scaffold the study.
UTAUT was used to identify several characteristics that
influence the adoption of health technologies, which included
socia influence, performance expectancy, effort expectancy,
facilitating conditions, privacy risk, and the threat of the disease
from which the patient is ailing. By investigating factors
affecting telehealth use within this population, specifically for
the management of T2DM, a greater understanding of barriers
to adoption of telehealth services and associated effects was
achieved. Depending on the applicability of this study’sfindings
to specific Asian American communities, this knowledge can
be applied to support the devel opment of more effective methods
of tailoring telehealth servicesto meet the unique needs of Asian
American people, as well as those of other underserved
populations. This study provided insights regarding ways to
incorporate culturally relevant telehealth approachesto T2DM
management into mainstream health care practice.

https://diabetes.jmir.org/2026/1/e75689
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In addition to the UTAUT framework, this study wasinformed
by a critical health equity lens that emphasizes how structural
inequities—such as limited English proficiency, systemic
underinvestment in minority-serving institutions, and digital
exclusion—shape health care access. This critical perspective
extends UTAUT by interrogating not only users’ perceptions
of telehealth but also the sociotechnical structures that enable
or constrain its use among marginalized populations. By
situating Asian American T2DM management within broader
systems of racialized health care access, this study provides an
intersectional understanding of telehealth adoption.

Methods

Study Design and Resear cher Per spective

A gqualitative case study approach was used to explore telehealth
adoption barriers among Asian American people with T2DM
in Missouri. The purpose of the study was to examine Asian
American peopl€e's perspectives to determine the factors that
influence their adoption of telehealth for T2DM management.
Regarding positionality, my interest in this demographic isthat
| am an Asian American. Subjective perspectives, rather than
objective facts, were €elicited from participants; therefore, a
qualitative methodol ogy was appropriate, asit enabled in-depth
examination [14].

The study focused on Asian American people with T2DM in
Missouri due to the group’'s elevated diabetes risk and
underrepresentation in telehealth research. Missouri, as a
Midwestern state with rising Asian American populations[15],
offered a novel geographic and demographic context. A
qualitative case study design was used to capture the compl exity
of individual, cultural, and technological factors shaping
telehealth use, particularly within a population that often faces
intersecting language and access barriers. Thisapproach aligns
with case study methodology’s strengths in revealing nuanced
insights within specific, bounded systems.

The study population included Asian American people with
T2DM via convenience sampling [16]. Convenience sampling
may overrepresent individual swith similar socioeconomic status
or community tiesand introduce selection bias. Inclusion criteria
specified that participants be Asian American, 21 yearsor ol der,
and diagnosed with T2DM. Those with type 1 diabetes mellitus
and gestational diabetes were excluded, along with anyone
whose health condition was not under the management of a
health care provider. Previous experience with telehealth was
not necessary.

Participants were recruited through community health
organizations. Patients receiving care from home care agencies
in Missouri, being under the direct supervision of health care
providers, were asked to volunteer for the study. Participants
were categorized into 2 groups: adopters (those who had adopted
telehealth for self-management) and nonadopters (those who
had not adopted telehealth for self-management).

Ethical Considerations

This study was reviewed and approved by the Capitol
Technology University Institutional Review Board (approval
IRB05242023a, approved on June 8, 2023). All participants
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provided informed consent prior to participation. Privacy and
confidentiality were protected by ingtitutional review board
approval; data were deidentified and securely stored. No
compensation was provided.

Data Collection

A pilot study was conducted to establish the reiability of the
semistructured interview, with 10 parti cipants selected from the
study population. These participants were then excluded from
the main study. Data collected during the pilot study were
scrutinized to determine the instrument’s capacity to collect
data relevant and applicable to the study aims. The findings of
the pilot study were used to review the data coll ection instrument
and processes and implement any necessary instrument
modifications to enhance its reliability.

Data were collected via semistructured interviews [17] with an
open-ended question format. The following are sample
questions:

1. (AU) Have you used telehealth services for diabetes
management before? If yes, could you describe your
experience with using telehealth? If not, can you explain
the reasons for your decision not to use it?

2. (PE) How do you think telehealth can be useful for
managing type 2 diabetes? Please explain.

3. (PE) What are the benefits of using telehealth for diabetes
management?

Using a flexible interview schedule, participants engaged in
these interviews through phone and video calls, which were
digitally audio-recorded. Probes, follow-up questions, and
comments were used to encourage participants to clarify
statements where further information was required for a
comprehensive understanding of experiences they described
[17]. Through phone conversations and video calls, participants
shared their experiences, challenges, and perceptionsregarding
the use of telehedth, especialy those associated with
management of T2DM.

Data Demographics

Data gathered during the semistructured interviews included
participants' demographic information: race, sex, household
size, household income, occupation, education level, and age.
Data were collected on performance expectancy, indicating
perspectives on their expectations of how telehealth might be
helpful for the management of T2DM and the realization of
health goals. Furthermore, data on effort expectancy were
gathered, describing the participants’ perceptions of the ease of
use of telehealth and factorsthey believed would affect the ease
of use negatively and positively. Finally, data on the social and
cultural influences on the use of telehealth for managing T2DM
were collected, examining participants social networks (eg,
family members, friends, and health care providers) and cultural
factors (eg, preferencefor in-person care and language barriers).

https://diabetes.jmir.org/2026/1/e75689
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Data regarding participants' persona innovativeness, trust,
behavioral intention, and actual use of telehealth services were
also gathered. Personal innovativeness pertainsto their comfort
levelsin using new technologies such as telehealth, while trust
refers to their level of confidence in the security and privacy
offered by telehealth applications and whether they had
reservations about sharing their health information online.
Behavioral intentions examined whether the participantswould
adopt telehealth for the management of T2DM and the factors
that may influence those decisions. Finally, participants' actual
use of telehealth in the past was explored, with data collected
on their associated experiences. For participants who did not
have previous experience using telehealth, data were collected
on their willingness to use it in the future.

Data Analysis

Thematic analysis was employed to identify recurring patterns
in participant responses. Qualitative datawere categorized based
on patternsthat form specific themes; data excerpts werethereby
organized within the concepts outlined in the UTAUT theoretical
framework [18-20]. We first conducted line-by-line inductive
coding of all transcripts to identify emergent concepts. These
codes were grouped deductively under UTAUT constructs and
refined through axial coding into subthemes. Finaly,
overlapping subthemeswere consolidated into 4 primary barrier
categories. Qualitative datafrom the interviews were examined
using axial coding, enabling codes, subcategories, and categories
contained in the participants' perspectives to be more easily
identified [19,21].

Results

Thematic refinement yiel ded 4 consolidated barriersto tel ehealth
adoption (language and cultura barriers, digital literacy and
access, limited  provider  recommendations, and
technology/infrastructure disparities), derived from 9 initial
themes.

Data Demographics

A total of 30 participants were recruited for the study: 15
adopters and 15 nonadopters to telehealth services. The 15
adopters were between the ages of 31 and 57, with the average
agebeing 35 years. All of the adopters had attended institutions
of higher education, with 6 having bachelor’'s degrees, 4 having
master’s degrees, and 2 having doctorates. All of the adopters
were Asian American individuals, with multiple ethnicities
represented, including Chinese, Indian, Vietnamese, Filipino,
Korean, and Nepali. Men were disproportionately represented,
with 12 men compared to only 3 women. The highest household
income was US $200,000, while the lowest was US $36,000,
with most households consisting of 3 people. Participants who
were telehealth adopters also worked in various professions,
including information technology, academia, and engineering,
aswell asin miscellaneous jobs (Table 1).
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Table. Demographics of the adopters.
Adopter No. Household size  Age (y) Ethnicity Gender Householdin-  Occupation Education level
come (US $)
1 4 45 Nepali Male 200,000 IT professiond Master's
2 4 39 Chinese Male 90,000 Auto mechanic  Bachelor’'s
3 5 38 Chinese Male 150,000 Researcher Bachelor's
4 3 35 Indian Mae 80,000 IT professional  Bachelor's
5 4 51 Korean Female 100,000 Computer sci- Bachelor's
ence
6 3 57 Korean Male 150,000 IT networking  College
7 4 44 Vietnamese Male 160,000 Professor PhD
8 1 36 Filipino Male 36,000 Sushi cook College
9 4 46 Vietnamese Female 120,000 Hair stylist College
10 3 44 Chinese Female 110,000 Academia PhD
11 3 31 Vietnamese Male 50,000 IT Bachelor's
12 2 35 Filipino Male 75,000 Retired army Bachelor's
personnel
13 4 49 Nepali Male 175,000 Aircraftengineer Master's
14 3 45 Indian Mae 150,000 Civil engineer Master's
15 3 35 Indian Male 108,000 Data engineer Master's

The 15 nonadopters of telehealth services were between the
ages of 32 and 80, with the average age being 55 years.
Participantsin this group were less educated in comparison to
the adopter group, with only 1 having a graduate degree. Five
nonadopters graduated high school, while 9 had no formal
education. However, as with the adopter group, there were
various Asian American ethnicities represented in the group of
nonadopters, including Nepali, Indian, Chinese, Filipino,

Table. Demographics of nonadopters.

Viethamese, and Korean. Therewas|essgender disparity among
nonadopters compared to adopters, with 9 femalesand 6 males.
The nonadopters earned much less than the adopters in terms
of household income, which was between US $9000 and US
$36,000. Most households had 2 people. Finaly, 10 of the
nonadopters were unemployed, while only 3 worked part-time

(see Table 2).

Nonadopter No. Household size  Age (y) Ethnicity Gender Householdin-  Occupation Education level
come (US $)
1 1 80 Korean Female 9000 Unemployed High school
2 2 45 Korean Female 12,000 Casual labor High school
3 2 75 Chinese Female 9000 Casual labor High school
4 1 67 Indian Mae 9000 Unemployed High school
5 2 62 Filipino Female 11,400 Unemployed No education
6 3 55 Nepali Female 10,000 Unemployed No education
7 3 67 Nepali Mae 11,000 Unemployed No education
8 2 53 Indian Female 12,000 Unemployed No education
9 2 61 Viethamese Mae 10,000 Unemployed No education
10 2 38 Nepali Male 15,000 Casual |abor No education
11 2 55 Vietnamese Mae 11,000 Unemployed No education
12 3 32 Chinese Female 36,000 Student Graduate
13 2 36 Filipino Mae 36,000 Cook High school
14 2 58 Indian Female 12,000 Unemployed No education
15 2 52 Nepali Female 12,000 Unemployed No education

https://diabetes.jmir.org/2026/1/e75689
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Though past researchers have found facilitatorsto incorporating
telehealth, thisstudy only yielded barriers. To review, facilitators
of tel ehealth implementation were videoconferencing, caregiver
engagement, and delivery via the favored language of patients
and caregivers [22]. Approaches to enhance telehealth
consultations included in-person meetings to establish a
relationship before shifting to telehealth and using text and
audio telemonitoring to ensure that patients understood advice
and instructions [22].

The interpretation following thematic analysis enabled the
identification of 4 barriersto telehealth adoption among Asian
American individuals with T2DM: (1) language and cultural
barriers; (2) digital literacy and access; (3) limited provider
recommendations; and (4) technology and infrastructure
disparities. Beyond barriers, participants highlighted facilitators
that can inform targeted implementation strategies, including
provider recommendations, interpreter support, device access,
insurance coverage, and perceived convenience.

Language and Cultural Barriers

Nonadopters reported several problems and challenges with
telehealth systems, with the most prevalent problem being a
language barrier. Due to the lower level of education among
nonadopters and most being first-generation immigrants to the
United States, many could not speak English. The language
barrier was an obstacle unless they found a doctor with whom
they shared a common language. In fact, 10 of the 15
nonadopters spoke of the language barrier asthe main challenge
affecting their use of telehealth.

Digital Literacy and Access

Effort expectancy involves the convenience and usability levels
that adopters of telehealth experience when using the system
[23,24]. Participants’ perceptions of the ease or difficulty of use
of telehealth and any associated problems were explored, and
alearning curve associated with initial use of telehealth services
was identified.

Several adopters noted that there was asteep learning curve and
they initially experienced significant difficulties. However, they
quickly added that after using telehealth several times and/or
having a doctor or a proficient family member explain its use,
it eventually became easier to navigate. Some adopters, such
as information technology professionals, did not have any
problems using the telehealth system. Nonetheless, adopters
mentioned some problems with the use of telehealth, such as
not having access to the internet. Some telehealth systems are
more complex than a simple call to the doctor and require the
use of mobile apps accessible only through a smartphone
connected to the internet. This issue affects accessibility,
especidly if the telehealth appointment is scheduled for atime
when internet access is limited or not possible due to travel or
other factors. Another problem associated with the use of
telehealth relates to the availability of supporting technology,
such as smartphones or other devices capable of complex
operations (eg, camera-enabled desktop computers or laptops).
Lack of these technologies represents a significant barrier to
using telehealth.

https://diabetes.jmir.org/2026/1/e75689
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Limited Provider Recommendations

Though provider recommendations were limited, some
participants did receive recommendations. Some adopterswere
forced by circumstances to use telehealth to aid in managing
their diabetes, as was the case for P15:

| was able to consult with a doctor over the phoneto
discuss my diabetes. | think useful; you can actually
ask questions about your diabetes issues you have at
any time.
Some of those circumstances included constraints on health
care access due to the COVID-19 pandemic, like P5, who said:

My doctor also asked me to use telehealth. My doctor
always communicates with me via text about my
health issues. | think my doctor’s advice influenced
me quite a bit. Because a doctor isa medical doctor,
she knows what she's doing. And she was strongly
recommended, especially during COVID-19 time.

Although they were required to use telehealth, the positive
experience of doing so encouraged them to continue after the
pandemic.

Technology and Infrastructure Disparities

None of the nonadopters had ever used telehealth to assist them
in their management of T2DM. There were various reasons
given for nonuse, ranging from a lack of awareness of the
existence of telehealth systems to not knowing how to use the
system, like P2:

| think training about telehealth and how to use it.

However, some nonadopters also mentioned facing language
barriers, which prevented them from using telehealth, like P7:

No one said anything because of my language barrier.

Per for mance Expectancy

Performance expectancy is the degree to which a user believes
that using telehealth will help them make gains in managing
their health, for this study, T2DM specifically. Performance
expectancy was assessed through examining participants
thoughts on how using telehealth could help with their T2DM,
aswell asthe perceived benefits of using telehealth.

Many adoptersthought telehealth would introduce convenience
and flexibility into the management of their T2DM because it
eliminated travel to the doctor's office. In addition,
cost-effectiveness and time saved were mentioned by adopters
as expected benefits of using telehealth. For example, adopters
felt its use was cost-effective, saving them a trip to the
doctor—and the associated expenses—while its capacity to
provide secure and rapid access to health services ultimately
saved valuable time. Adopters reported that using telehealth
enhanced their access to health care services.

For nonadopters, performance expectancy was significantly
lower compared to adopters. Specifically, there wasasignificant
number of nonadopterswho were not aware that telehealth might
enhance diabetes management, perhaps because some were not
familiar with telehealth systems. Nonetheless, many believed
that using telehealth would be beneficia in helping them to
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managetheir T2DM more effectively. Furthermore, when asked
about the benefits of using telehealth, several nonadopters
highlighted the convenience of not having to travel to the
doctor’s office, reduced cost, and time efficiency as likely
benefits. These benefits were similar to those mentioned by

Table. Selected quotes by adopters about performance expectancy.

States

adopters. However, some nonadopters did not perceive that
therewould be any benefits associated with the use of telehealth,
and their overall preferencefor in-person care was considerable.
See Table 3 for adopters' views on performance expectancy.

Participant Adopter/nonadopter

Selected quotes

1 Adopter

3 Adopter

5 Adopter

2 Adopter

15 Adopter

13 Adopter

8 Adopter

11 Adopter

12 Adopter

But you still have the benefit of using telehealth.
For example, it’'s flexible because you do not
have to travel to your doctor’s office, saving
time.

Itisbeneficial because| can call my doctor from
anywhere. It is a benefit because | cannot travel
and receive timely care for my problems.

It was pretty seamlessly easy, | thought. Because
| asked for the appointment, they asked meto
fill out theinformation online, which | did pretty
quickly. And then, about an hour later, they said
they would call me back with the doctor. And so
| got connected with the doctor, and | was able
to consult with adoctor over the phoneto discuss
my diabetes. | think useful; you can actually ask
guestions about your diabetesissuesyou have at
any time. Even though you're not in the town,
because sometimes I’ m not in the United States.
| amin Korea, visiting my parents or my friends
in Korea |’ m there for maybe three months or
four months. | can just call or email my doctor.
| can always connect with my doctor online or
on the phone about my diabetes, and | don’t have
any problem with that.

Likel said, it's convenient because | can call my
doctor anywhere from a distance. It helps with
remote monitoring and consultation of blood
sugar levels. It is cost-saving because the gas
priceis going too high.

| am very busy, and | do not have to drive to the
doctor’s office. So it saves money and time. It's
a convenience.

Likel said, using telehealth ishelping me access
thedoctor faster. For example, it takesmore than
two months to get an appointment for the office
visit, but it takes |ess than one week to make a
telehealth appointment.

Besides my diabetes problems and other health
problems, telehealth increases accessto my care
interms of fast service.

It does hel p me to monitor my blood sugar. Using
telemedicineincreases my chances of improving
my diabetes. | don’t haveto alwayswait for your
appointment.

Honestly, it has been alot more accessible, espe-
cially during the pandemic time. | can get atele-
health appointment within a week or so, but of-
fice visits take more than one month for an ap-
pointment.

Data Analysis

Thefollowing 9 themeswereidentified using thematic analysis:
actual use, performance expectancy, effort expectancy, social
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influence, facilitating conditions, cultura influence, personal
innovativeness, trust, and behavioral intention.
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Actual Use

Information was collected on whether participants had used
telehealth to talk to their physicians about diabetes, their
experiences, and, among those who reported not having used
telehealth, the reasons for not using it. Findings showed that
there was a high usage of telehealth among adopters, who felt
that telehealth was beneficial. For example, P13 said:

Like | said, using telehealth is hel ping me access the
doctor faster. For example, it takes more than two
months to get an appointment for the office visit, but

Table. Selected quotes by adopters about actual use.

States

it takes less than one week to make a telehealth
appointment.

Similarly, P15 said:
| am very busy, and | do not have to drive to the

doctor’s office. So it saves money and time. It's a
cornvenience.

This group reported positive experiences that centered on the
benefits of telehealth, including its convenience. Table 4 shows
adopters' views on actual use.

See Table 5 for asummary of nonadopters’ views on actual use.

Participant Adopter/nonadopter

Selected quotes

1 Adopter

4 Adopter

11 Adopter

10 Adopter

I’ve used tel ehealth before for my diabetes
management. | feel that telehealth is beneficial.
| think it's more convenient, easy to use, and as
you start using it more and more.

| have talked to my doctor by phone about my
diabetes care. One thing | like about that is|
don't have to wait a month for the doctor. | can
call them whenever | need to and discussit with
the doctor. It's convenient that | do not have to
wait too long.

| have talked to my doctor before. Usually, either
be on the phone or aZoom call. It was easy for
me after COVD-19; everything was on lock-
down. So there is no choice.

| have been using telehealth since the COVID-
19 pandemic. Because| till feel therisk of expo-
sureto the virus

Table. Selected quotes by nonadopters about actual use.

Participant Adopter/nonadopter Selected quotes

1 Nonadopter | don’'t know much about it. | never talked to my
doctor using the phone or anything because | did
not know there was atelehealth service available.
| have no idea. My doctor did not say anything
to me.

6 Nonadopter I do not use it because of language barrier.

5 Nonadopter | do not know how to useit. | never knew about

it.

Social Influence

Socia influenceisthe degreeto which actorsin aperson’ssocial
circles, such as the primary physician, family members, and
friends, influence the decision of anindividual to usetelehealth.
Participants were asked whether their doctors, friends, or family
members encouraged the use of tel ehealth; they were then asked
to describe the nature of that input.

Among adopters, the social influence of doctors and family
members impacted their decision to start using telehealth. As
doctorsand family members communicated the benefits of using
telehealth services, participants were led to consider it. When
doctors  described the benefits of  convenience,
cost-effectiveness, and time efficiency, they wereinfluential in

https://diabetes.jmir.org/2026/1/e75689

the participants' decision. In addition to doctors, adopters
indicated that family members also had an important role in
encouraging them to adopt telehealth. Family members of
participants indicated that there were tremendous benefits of
using telehealth for managing diabetes and described it as an
effective health care service that is gaining traction for treating
this chronic illness.

In contrast, nonadopters did not receive advice from their
doctors, friends, or family members regarding the use of
telehedth. Some of the nonadopters believed that their
nonproficiency in English was part of the reason their doctors
never recommended telehealth. Others stated that their
physicians did not suggest it.
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Facilitating Conditions

Facilitating conditions concerns the user’'s belief that the
technical infrastructure and other conditions necessary for the
use of telehealth already exist [25]. Participants perceptions
regarding whether the necessary resourcesto facilitate telehealth
use for diabetes care were in place as well as their perceptions
regarding whether they had access to necessary devices were
examined.

Regarding owning the necessary devices, all adopters reported
that they owned a smartphone, allowing them to easily connect
to the internet and run the mobile apps necessary to use
telehealth effectively. In addition, insurance coverage was
mentioned by adopters as a necessary support enabling the use
of telehealth. Several adopters reported that their insurance did
not cover the service and that they had to pay out-of-pocket.
Thisfinding highlighted the need for insurance coverage asone
of thefacilitating conditionsto enable adoptersto use telehealth
services when needed for managing diabetes. Adopters aso
reported that they would like support in the form of training on
effective use of telehealth in general, as well as for diabetes

Table. Selected quotes by nonadopters about facilitating conditions.

States

management, specifically. There was a perception that doctors
and their staff could also benefit from such training.

Nonadoptersfaced conditionsthat did not facilitate their use of
telehealth. For instance, amajority of nonadopters did not own
the devices, such as smartphones or laptops, required for
telehealth access. In addition, other nonadopters deemed the
services of a trandlator to be an important support resource
necessary for them to use telehealth services effectively. This
finding was logical, considering that 10 of the 15 nonadopters
identified language as a barrier limiting their use of telehealth.
Furthermore, most nonadopters pointed out that financial health
was an important aspect for them to consider in relation to
telehealth services. Some reported social security as their sole
source of income. Thosewho indicated that financial assistance
was necessary to support their use of telehealth services reported
they would use such aid to purchase a phone and pay for the
services of an interpreter. In addition to financia aid, they
reported a need for training on telehealth and how it appliesto
diabetes management. See Table 6 for a summary of
nonadopters' views on facilitating conditions.

Participant Adopter/nonadopter Selected quotes

5 Nonadopter | have no smartphone or computer.

9 Nonadopter | have no phone or computer.

7 Nonadopter Need aninterpreter likeyou and pay for an inter-
preter’s services.

11 Nonadopter Need help with an interpreter.

4 Nonadopter | survive from my socia security check.

8 Nonadopter Financial help to by phone and an interpreter.

3 Nonadopter Education about telehealth and training about
how to useit.

2 Nonadopter I think training about telehealth and how to use
It.

13 Nonadopter Training about telehealth in the community or

clinic.

Cultural Influence

Although the study participants were from the Asian American
community in general, there were multiple ethnicities
represented. One cultural influence identified by adopters was
apreferencefor in-person care. However, even though adopters
preferred in-person care, arecommendation by a doctor to use
telehealth overrode the cultural-based preference of some
adopters. It was clear that the convenience of using telehealth
had moreinfluence on their decision regarding whether to adopt
telehealth. In contrast, other adopters retained their preference
for in-person care despite the benefits of telehealth. Language
was not an issue for most adopters, especially among
second-generation Asian American individuals. Likewise,
language was not an issue for Asian American individuals who
spoke the same non-English language astheir doctor. Still, some
adopters did experience language barriers that affected their
effective use of telehealth services.

https://diabetes.jmir.org/2026/1/e75689

Most nonadopters were not proficient in English, and this
adversely affected their ability to use telehealth systems.
Therefore, among participants who chose not to use telehealth,
the primary concern was the language barrier; severa
nonadopters specifically cited the language barrier as
prohibitive. A preference for in-person care was also cited as
part of the reason participants did not adopt telehealth services.

Personal | nnovativeness

Personal innovativeness is related to participants comfort in
using new technologies and their willingness to learn how to
use telehealth [26,27]. All adopters were comfortable with
telehealth technol ogy. Participant occupationswere often related
to comfort level with telehealth systems. As many adopters
were professionals in fields where the use of different
technologies was required, they were easily able to attain
proficiency on different platforms. Other adopters decided they
were comfortable with new technologies because they were
already using telehealth.
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Among adopters, there was an overwhelming willingness to
learn how to use telehealth for diabetes care. As all adopters
except one were aready using telehealth, they were willing to
commit themselves to learning about the functionality and use
of the system in even more detail.

In contrast, many nonadopters were not comfortable with new
technologies due to legacy challenges, such as the language
barrier. Some nonadopters who could not read or write in
English would undoubtedly experience challenges using
telehealth. However, regardless of language concerns,
nonadopters were willing to learn how to use the technol ogy.

Trust

Adopters must trust in the security, privacy, and confidentiality
of their health information stored in health care systems to
continue using telehealth services. Most adopters reported that
they were comfortable with the security and privacy of their
health information, expressing their confidence as being
attributable to Health I nsurance Portability and Accountability
Act policies. Nonethel ess, some adopters had concernsregarding
security, as they reported worrying about the safety of their
identifying information. In addition, some adopters were
concerned that others would see their sensitive health
information, although there were afew who felt that they could
trust their physicians to keep their information safe and
protected.

Most nonadopters did not trust telehealth systems. Their
concernswererelated to sharing their health information online
and the security and privacy of information disclosed while
using the systems. However, several nonadopters did not have
an opinion one way or the other, as they had never used
telehealth systems.

Behavioral I ntention

Behavioral intention relates to the decision to continue or
discontinue use of telehealth and the reasons for this decision
[28]. All adopters except one said they would continue to use
telehealth systems. The reasonsthat the majority of participants
decided to continue using telehealth services were attributed to
the benefitsit provided. The one adopter who was noncommittal
mentioned safety and security concerns about health information
stored in the telehealth systems. Despite such concerns, most
adopterswere willing to continue using tel ehealth asamodality
for managing diabetes.

Even though nonadopters had never used telehealth systems
and despite the significant challenges identified, they were
positive in their intentions toward the use of telehealth. A
majority of nonadopters were willing to learn more about
telehealth if someonetaught them. In fact, nonadopters attributed
their behavioral intentionsto the need to improve their diabetes
care. Other nonadopters cited the benefits of telehealth such as
convenience or saving time and money as the reasons for their
desire to learn. However, a few nonadopters refused to use
telehealth in the future, citing existing language barriers.

https://diabetes.jmir.org/2026/1/e75689
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Discussion

Summary of Key Findings

The analysis of the emergent themes from the qualitative data
yielded 9 themes. Thethemeswere actual use, effort expectancy,
performance expectancy, social influence, facilitating conditions,
cultural influence, personal innovativeness, trust, and behavioral
intentions. Several subthemes also emerged from the themes.
They included the possession of access devices, language
barrier, the convenience and ease of using telehealth systems,
cost and time effectiveness resulting from using telehealth
systems, the role of physicians in recommending the use of
telehealth systems, the need for training and education on the
use of telehealth systems, insurance coverage of telehealth
services, and an intention to continue using or start using
telehealth systems.

Regarding actual use, the findings showed that the adopters
who used telehealth systems cited the convenience, cost and
time efficiency, and flexibility as some of their reasonsfor using
telehealth systems, corresponding to Hu et a’s [29] findings,
showing that access to technology was a notable determinant
in patients interest in mobile hedth interventions. The
nonadopters attributed their lack of awareness of the existence
of telehealth systems and how to use them as some of the
reasons for not using tel eheal th systems for the management of
T2DM. Regarding effort expectancy, the findings showed that
the participants perceived the use of telehealth systems to be
easy. Concerning performance expectancy, telehealth systems
improved convenience, enhanced accessto health care services,
were cost-€fficient, saved time, and enabled flexibility in access
to services. Regarding socia influence, the findings showed
that physicians, friends, and family played asignificant rolein
promoting the adoption of telehealth. Similarly, Mora and
Golden [30] found that family strongly influencesindividuals
diabetes management plans. Recommendations of telehealth
from physicians, family, and friendswere conspicuously absent
among the nonadopters, while the adopters reported the
influence of those recommendations on their decisionsto adopt
telehealth systems.

The facilitating conditions identified as being influential to the
adoption of telehealth systems for the management of T2DM
included accessto devices, such as smartphones and computers.
The coverage of tel ehealth services by insurance providers was
another important facilitating condition. The other conditions
were training on how to use telehealth systems and education
on the use of telehealth systems for the management of T2DM.
The findings also showed that cultural factors influenced the
adoption of telehealth systems. Thetwo most influential cultural
factorswere thelanguage barrier and apreference for in-person
care. Mora and Golden [30] aso found that language barriers
impacted diabetes management approaches.

Findings on personal innovativeness showed that there was an
equal share of comfort and discomfort in using telehealth
systems. The findings also showed that legacy challenges, such
as the language barrier and lack of access to devices, affected
the participants' ability to use telehealth systems. Regarding
trust, participants shared concerns regarding the privacy,
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security, safety, and confidentiality of the health information
stored in telehealth systems. However, there was also trust in
the professionalism of physicians and the safeguards provided
by the Health Insurance Portability and Accountability Act
policy. Concerning behaviora intentions, there was an
overwhelming desireto continue using tel ehealth systems. Even
those who had not used telehealth systems before were willing
to use them, provided they were trained and offered financial
aid through which to acquire access devices. The behavioral
intentions of the participants were informed by the benefits of
convenience, time savings, cost efficiency, and enhanced access
to health care services.

The findings showed that cultural influences played arole in
the participants' decision to adopt or not adopt telehealth
systems for the management of T2DM. The most significant
cultural factor influencing the decision not to use telehealth
among the nonadopters was the language barrier. Research has
shown that most of the telehealth platforms used in the United
States use the English language [31]. The implications are that
populations that are not fluent in English might find telehealth
systemsto be of limited benefit. Thiswas certainly the case for
many nonadopters. To address this challenge, the researcher
recommends culturally-adapted telehealth systems that target
underserved racial and ethnic minorities. Culturally adapted
telehealth systemswill not only address the language issue but
also incorporate other cultural adaptations that would enhance
the usability of telehealth systems for racial and ethnic
minorities. Existing research supports this recommendation
[32].

Barriersto Telehealth Adoption

Theresults of this qualitative case study indicate that language
and cultura barriers significantly impact Asian American
individuals' use of telehealth for managing T2DM. Language
and cultural barriers have been recognized as key obstaclesin
health care access, often limiting patient engagement. For
example, there is alimited availability of translated telehealth
materials, and the scarcity of bilingual health care providers
and interpreters makes it even more difficult for many groups
to use this technology. When considering the culture of Asian
American people, it also seems that there is a preference for
in-person consultations with health care providers.

Another barrier to using telehealth isdigital literacy and access,
as many Asian American people do not have access to either
technical support or patient education resources. Older adults
especially seem to struggle with navigating tel eheal th platforms.
Without proper training and support, these individuals remain
excluded from telehealth-driven diabetes management.

The findings aso highlight the limited recommendations of
telehealth services by providers, which could be better promoted
as away for patients to improve their management of T2DM.
Health care provider recommendations play a crucial role in
shaping patient perceptions of telehealth. As the study
uncovered, health care providers often do not actively
recommend telehealth services, so many patients may not be
aware of this option. Consequently, patients are also unaware
of the many benefits of using telehealth services, which
represents a significant barrier to its adoption. This highlights
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the need for provider engagement strategies to integrate
telehealth into routine diabetes management.

Finally, technology and infrastructure disparities exacerbate
other barriers to the use of telehealth services. Low-income
individuals struggle with the cost of high-speed internet and
smart devices, widening the gap of health careinequity [9]. For
example, many patients, especially those with low income, are
not able to obtain the devices (eg, smartphones and laptops)
needed to access telehealth. Add internet connectivity issues
and it is no surprise that many patients do not use telehealth.
Addressing these disparities requires policy intervention that
expands broadband access and subsidizes tel eheal th technol ogy
for underserved communities. Overall, the findings from this
study align with existing literature on telehealth disparities
among minority populations[11].

Limitations

Adopters were generaly younger, more educated, and
higher-income than nonadopters. These socioeconomic
differences likely confound the observed adoption patterns.
While our sample size precluded stratified or adjusted analyses,
future studies should employ matched sampling or multivariable
adjustment to disentangle cultura influences from
socioeconomic status. Participants were recruited through two
community-based health organizationsin Missouri: A Federally
Qualified Health Center and a local Asian-serving nonprofit
clinic. Both provided limited interpreter support, which shaped
recruitment feasibility and participant diversity.

The language barrier was a significant limitation during the
collection of data. The participants were drawn from various
ethnicities. Therefore, they had diverse native languages. Many
were not proficient in English and did not share a common
language with the researcher. The researcher relied on the
services of an interpreter to trandate the question to the
participant and the response from the participant back to the
researcher. The trandation is prone to loss of meaning because
theinterpreter must interpret and decode the participant’swords
to derive their meaning. Context, whether personal or cultural,
is important to the meaning of the participants’ words.
Furthermore, facial expressions, gestures, tone of voice, and
pauses are also central to meaning. While the interpreter may
translate the words said by the participant, an accurate
tranglation of the meaning, semantics, and nuances behind the
words may not always be possible. Therefore, someor theentire
meaning of the communication may be lost during the
trandation.

Theknowledgelevel of the nonadopters about telehealth systems
isalimitation to the value of the data gathered from the cohort.
Most of the participants were unaware of the existence of
telehealth systems. Therefore, it is possible that they did not
actually decide not to adopt telehealth for the management of
their T2DM. Theimplications of thislack of awareness are that
the information they provided may not have reflected the
influence of the unique characteristics of telehealth on their
nonadoption but rather an influence of their lack of awareness
of the existence of tel ehealth systemsand the value they provide.
Lack of awareness of telehealth systems may explain responses
to several prompts, most of which revolved around “I do not
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know.” Thevalue of thisinformation in answering theresearch  intent and adoption of tel ehealth among Asian American people
guestions was limited. with T2DM in Missouri. Overal, there were many valuable

Conclusions

insightsinto the cultural and technological barriersfacing Asian
American people when using tel ehealth.

This qualitative case study identified unique characteristics,
supported by the UTAUT model, that influenced the adoption
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Abstract

Background: Older adults with diabetes frequently accesstheir electronic health record (EHR) notes but often report difficulty
understanding medical jargon and nonspecific self-care instructions. To address this communication gap, we developed
Support-Engage-Empower-Diabetes (SEE-Diabetes), a patient-centered, EHR-integrated diabetes self-management support tool
designed to embed tailored educational statements within the assessment and plan section of clinical notes.

Objective: This study aimed to validate the clarity, relevance, and alignment of SEE-Diabetes content with the Association of
Diabetes Care & Education Specialists 7 Self-Care Behaviors framework from the perspectives of older adults and clinicians.

Methods: An interdisciplinary team conducted expert reviews and qualitative interviews with 11 older adults with diabetes and
8 clinicians practicing in primary care (family medicine) and specialty diabetes care settings at a Midwestern academic health
center. Patients evaluated the readability and relevance of the content, while clinicians assessed clarity, sufficiency, and potential
clinical utility. Interview datawere analyzed using inductive thematic analysis, and descriptive statistics were used to summarize
participant characteristics.

Results. Patients (mean age 72, SD 4.9 y; mean diabetes duration 26, SD 15 y) reported that the SEE-Diabetes statements were
clear, relevant, and written in plain language that supported understanding of self-care recommendations. Clinicians (mean 13,
SD 9.5 y of diabetes care experience) viewed the content as concise, clinically appropriate, and well aligned with patient
self-management goals and the Association of Diabetes Care & Education Specialists 7 Self-Care Behaviors framework. Both
groupsidentified thetool’s potential to enhance patient engagement and pati ent-clinician communication, while noting opportunities
to improve the specificity of language, particularly within medication-related content.

Conclusions; SEE-Diabetes demonstrated content validity as a practical, patient-centered digital health tool for supporting
diabetes self-management communication within EHR clinical notes. The findings support its use as a complementary approach
to reinforce self-care communication in routine clinical practice and highlight areas for refinement to enhance personalization.

(JMIR Diabetes 2026;11:e83448) doi:10.2196/83448

KEYWORDS
diabetes mellitus, type 2; electronic health records; self-management; patient education; older adults; digital health; health literacy

having been diagnosed with or undiagnosed diabetes during
2017 - 2020, and approximately 48.8% of adults in this age
group had prediabetes according to the most recent National

Background
. 9 I . ) Diabetes Statistics Report [1]. As the aging population grows,
Diabetes is highly prevalent among older adultsin the United  oimary care dlinicians face increasing pressure to defiver

States, with an estimated 29.2% of adultsaged 65 yearsor older  eftective, individualized diabetes self-management education

Introduction
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within routine visits. Diabetes self-management education and
support (DSMES) has been shown to improve glycemic control,
reduce complications, and enhance self-efficacy [2-5]. However,
the delivery of DSMES in outpatient settings is frequently
constrained by limited visit time, complex documentation
requirements, challenges in referral and access, and poor
integration with routine clinical workflows [6,7].

National DSMES standards outline 4 critical times when
individuals with diabetes should receive structured education
and support [2]; however, referralsand accessto formal DSMES
services remain inconsistent. As a result, self-management
guidance is often delivered informally during routine visits,
underscoring the need for tools that reinforce evidence-based
messaging within existing clinical workflows.

To address these challenges, our team developed
Support-Engage-Empower-Diabetes  (SEE-Diabetes), a
patient-centered educational aid designed to support clinicians
in delivering tailored diabetes education to older adults during
clinicvisits. SEE-Diabetesintegratesdirectly into the electronic
health record (EHR) by embedding brief, personalized education
statements—drawn from a curated content library—into the
assessment and plan section of the clinician’s note. The content
isorganized according to the 7 core domains of the Association
of Diabetes Care & Education Speciaists 7 Self-Care Behaviors
(ADCESY), including healthy coping, healthy eating, being
active, taking medication, monitoring, reducing risk, and
problem solving [8].

Placement of SEE-Diabetesin the Assessment and Plan section
wasintentional. Prior formative research with older adultswith
diabetes from our group found that the majority (80%) accessed
and read their clinic notes through patient portals, yet many
found these notes difficult to understand due to medical jargon
and vague or nonactionabl e self-care guidance[6,7]. Embedding
clear, relevant, and actionable statements in a section that
patients already read may therefore address an important
communication gap while also integrating seamlessly into
clinician documentation.

SEE-Diabetes was developed using a user-centered design
(UCD) approach to ensure alignment with real-world clinical
needs[9,10]. Thefirst stage of development involved an analysis
of EHR documentation patterns related to diabetes care [11],
followed by a second stage comprising focus groups with older
adults with type 2 diabetes and clinicians involved in diabetes
management to identify gaps in the clarity, readability, and

https://diabetes.jmir.org/2026/1/e83448
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consistency of self-management information [6,7]. This study
represents the third stage of the UCD process and focuses on
content validation of the SEE-Diabetes educational statements
to ensuretheir accuracy, relevance, and practical utility for both
patients and clinicians [12].

Objective

Our objective was to assess the clarity, helpfulness, and
perceived value of SEE-Diabetes education content by
conducting in-depth interviews with older adults and clinicians
practicing in primary care (family medicine) and specialty
diabetes care settings. This validation step is essential before
the broader implementation of SEE-Diabetes in primary care
settings. By embedding actionable, comprehensible diabetes
educationinto clinical notes, SEE-Diabetes may enhance patient
understanding, improve continuity of care, and support more
effective chronic disease management among older adults.

Methods

Study Design

We conducted a qualitative content validation study to assess
the clarity, readability, and clinical relevance of SEE-Diabetes,
an EHR-integrated education tool for older adultswith diabetes.
This phase represented the third stage of a UCD process. The
content validation process included (1) expert reviews by
clinicians and certified diabetes care and education specialists,
and (2) user feedback through semistructured interviews with
older adults with diabetes and with primary care or
endocrinology clinicians. The interdisciplinary research team
included experts in informatics, endocrinology, primary care,
and diabetes education.

Description of SEE-Diabetes

SEE-Diabetes content was implemented within the EHR as
“auto-text” templates in Oracle Cerner’s PowerChart. During
documentation, the clinician first selects the SEE-Diabetes
category most relevant to the patient’s needs, informed by shared
decision-making during the visit. Within the category chosen,
the clinician can review and select multiple educational
statements addressing specific self-care behaviors. Each
statement can be further customized to reflect the patient’s
individual preferences, goas, literacy level, and clinical
circumstances. Examples of customization include changing
the activity type (eg, waking and gardening) or specifying
behavior targets (eg, number of minutes per day) (Figure 1).
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Figure 1. Overview of the Support-Engage-Empower-Diabetes framework illustrating integration of tailored patient education statementsinto electronic
health records, aligned with the Association of Diabetes Care & Education Specialists 7 Self-Care Behaviors. (A) Seven publicly available autotext sets
(being active, healthy coping, healthy eating, monitoring, problem solving, reducing risks, and taking medications) are mapped to Association of Diabetes
Care & Education Specialists 7 Self-Care Behavior domains. (B) The clinician selects the relevant Support-Engage-Empower-Diabetes category in the
Patient education field. (C) Within the chosen category, statements are customized collaboratively (eg, activity type, frequency, or targets) during shared
decision-making. (D) Thefinalized, tailored patient education statements areinserted into the Assessment and Plan section of the clinic note and become
available to patients via the porta. ADCES7: Association of Diabetes Care & Education Specialists 7 Self-Care Behavior; SEE-Diabetes:

Support-Engage-Empower-Diabetes.

A. Seven sets of AutoText for SEE-Diabetes are available as a
public option for a provider to choose from.

Abbreviation Description

..SEE-Diabetes-BA Being Active
..SEE-Diabetes-HC Healthy Coping
..SEE-Diabetes-HE Healthy Eating
..SEE-Diabetes-M Monitoring

..SEE-Diabetes-pPs Problem Solving

..SEE-Diabetes-RR Reducing Risks

.SEE-Diabetes-TM Taking Medications

B. Provider selects specific SEE-Diabetes items that matter
most to a patient via shared decision-making.

Patient education:

.SEE-Diabetes-HC
.SEE-Diabetes-HE
.SEE-Diabetes-M
~SEE-Diabetes-PS
.SEE-Diabetes-RR
~5SEE-Diabetes-TM

C. Provider customizes Being Active items for a patient via
shared decision-making.

Batient education:

D. Clinic note displays patient education items regarding
Being Active under the Assessment and Plan section. This
item can be tailored to patient preferences.

Assessment/Plan

Type 2 Disbetes Mallitus
Patient education:
Patient Education for Being Active

Discussed chaosing favarite activities and fallowing those fiting the patient's Ifestyle.
The patient identdied the fallowing goals.

1like ko Walk~ and commit to at least 30 minutes~ until our next visit.
This is mitivating for me because T want to 1

Check your biood sugar before and after exencise for safety and so wou know how exarcise impacts your bood sugar.

Adapted from Assediation of Diabetes Case and Educaticn Specialists (ADCES)

The finalized patient education text was embedded within the
assessment and plan section of the clinic note. Embedding
SEE-Diabetesin the assessment and plan positions the guidance
where patients already expect to find follow-up instructions,
whilerequiring minimal changeto clinician workflow. Insertion
and customization generally take lessthan 1 minute, minimizing
any disruption to the visit flow.

Study Setting

The study was conducted at the University of Missouri Health
Care, an academic medical center serving 114 counties in
Missouri [13]. The center uses the Oracle Cerner PowerChart
EHR system to consolidate patient data acrossfacilities. Patients
can accesstheir medical records, including clinic notes, through
the HEALTHConnect portal. Clinic notes were retrieved from
PowerChart, and patient recruitment was facilitated using
Powerlnsight, Oracle Cerner’s operational reporting platform.

https://diabetes.jmir.org/2026/1/e83448
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Interview Development

A total of 3 representative clinical scenarios were developed
based on de-identified data from older adults with type 2
diabetes. For each case, SEE-Diabetes was applied to generate
tailored patient education statements aligned with ADCES7
domains. The scenarios were (1) a 69-year-old woman with
uncontrolled diabetes (monitoring and healthy eating), (2) a
72-year-old man with stable diabetes and obesity (medication
adherence and risk reduction), and (3) a 67-year-old woman
with type 2 diabetes (physical activity and healthy coping). An
endocrinologist drafted the clinic notes (history of present illness
and assessment and plan), and the multidisciplinary team
reviewed all content for clinical accuracy and guideline
concordance. The history of present illness sections are shown
in Textbox 1.
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Textbox 1. History of present illness section of three clinic notes. These are in-model screenshots of three example clinic notes designed for patients
with diabetes aged 65 years and older attending follow-up visits at the Cosmopolitan International Diabetes and Endocrinology Center. Participants
were asked to review the history of present illness section along with the assessment and plan.

Clinic Note 1: History of Present IlIness

Clinic Note 2: History of Present IlIness

Clinic Note 3: History of present illness

69-year-old lady presents for discussion regarding long-term management of diabetes mellitus.

Initially diagnosed in 2009,

started on metformin 1000 mg BID

glimepiride 4 mg BID started in 2010

pioglitazone 45 mg QD in the morning started in 2019

has never been on insulin

She has not had any diabetic education since her diagnosis. Denies numbness/tingling in her extremities. She hastried aketo diet in the past, but
thisled to frequent hypoglycemia. Since July 2022, she has been eating <1700 cal ories daily, which resulted in weight gain. Eye exam was done
in April 2022 but not sureif her eyeswere dilated. She has noted that her vision changes as her BG fluctuates, and sometimes her vision is blurry

despite wearing her bifocals. Thereisno family history of T2DM, T1DM, or osteoporosis, and has never had aDEXA scan. She sees gynecol ogist
yearly but does not have a regular well-woman exam.

Thisisa 72-year-old gentleman who presents for follow-up of his diabetes.

He was diagnosed with diabetes around the age of 50 and has been on metformin since that time.

Blood glucose is slightly worse; he checks every day and has been running above 150 mg/dl

Heison Metformin 1000 mg twice a day. He has noted increased blood glucose since he got Covid in 1/2022.

He has had fatigue, feels nauseous, so has not been taking his metformin daily, only taking it "on good days."

He was supposed to meet with a dietitian, but has had so many doctors appointments that did not make it.

His family doctor added a"small pill every day," but he is not sure what medicationit is.

He does not want to use any medications that are injections at this time and feels he can control his diabetes once he is feeling better.

His HbA1c, was 7.5%; it has increased now to 8.8%.

He plans on focusing on lifestyle and has been having increased burning in feet, so he was not walking much.

67-year-old patient who presents to discuss diabetes mellitus type 2 management

DMT2 diagnosed age 55 years. There is no retinopathy, neuropathy; she has microalbuminuria. She aso has hyperlipidemia and hypertension
Current regimen includes glipizide 10 mg daily and metformin extended release 500 mg, takes 1 tablet twice aday

Her last diabetes class was before 2014

Checks FSG once a day, ranges from 122-140s, no hypoglycemia

She was walking, had to quit because of arthritis, now spends most of her time at home, and feels discouraged about her diabetes

She likes to bake but has no motivation to do it anymore. Three friends have passed away in the last four years, and she has no family near home.
Shetriesto eat healthy, mainly frozen meals.

Sheis asmoker, has been trying to quit but feels she cannot do it.

Blood pressure had been controlled on triamterene/HCTZ, 37.5/25 mg, and losartan 100 mg daily, but has increased and now also amlodipine
10 mg daily. For hyperlipidemia, takes pravastatin 10 mg daily.

Takes ASA 81 mg daily.

Last eye exam was on May 5, 2022, and showed no retinopathy. She has had cataract surgery also.
Last urine microalbumin on October 14, 2022, showed microa buminuria (high: 93)

Denies numbnessin feet or tingling, no foot ulcers

No chest pain, palpitations, no nausea, vomiting, diarrhea, no abdominal pain, no cough or fever

Parallel semistructured interview guides were developed for open-ended questions assessing readability, helpfulness,
patients and clinicians. Patient interviews consisted of 4 relevance, and anticipated future use of the SEE-Diabetes
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statements. Clinicians reviewed the same notes and answered
4 corresponding questions addressing clarity, completeness,
clinical applicability, and suggestions for improvement. This
mirrored design enabled direct comparison of perspectives
across patient and clinician groups.

https://diabetes.jmir.org/2026/1/e83448
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Data Collection and Analysis

Participants were recruited from Family and Community
Medicine clinics and the Cosmopolitan International Diabetes
and Endocrinology Center in October-November 2022.
Participants were asked to eval uate the Patient Education section
generated via SEE-Diabetes, which was included under the
assessment and plan section of the 3 clinic notes for patients
(Textbox 2).
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Textbox 2. Assessment and plan section of three clinic notes. These are in-model screenshots of the Assessment and plan sections from three example
clinic notesfor patientswith diabetes aged 65 years and older. The patient education sections were generated using Support-Engage-Empower-Diabetes,
based on reviews of each patient, and then customized by an endocrinologist. Subsequently, they were reviewed by other team members. Participants
were asked to review the Patient Education section and answer open-ended questions to assess the readability, helpfulness, and values of
Support-Engage-Empower-Diabetes.

Clinic Note 1 : Assessment and Plan

1. Uncontrolled type 2 diabetes mellitus with hyperglycemia

«  Reviewed lab results with patient emphasizing the importance of optimizing HbA 1., with target below 8%
o Advised to check FSG regularly and record, bring records for review next visit

»  Reviewed risks of hypoglycemia, prevention, and management of hypoglycemic episodes

« Reviewed foot care, call meif notice an open areaon foot

«  Shewill schedule an eye exam

Patient Education for Monitoring

«  Monitoring is an important aspect of self-care. It helps you know if you are meeting recommended treatment goals to keep you healthy.
« My god isto learn how to use my monitor, learn how to interpret my blood sugar levels

« | want to use thisinformation to learn how different foods affect my blood sugar

« | commit to checking my blood sugar at the following times: 1 time aday and plan to bring in my readings to my next visit

Adapted from Association of Diabetes Care and Education Specialists (ADCES)

2. Obesity

«  The patient is motivated to use weight control, which will improve metabolic health, including diabetes mellitus type 2, hypertension, and
hyperlipidemia.

Patient Education for Healthy Eating

Discussed the meal plan today and the patient set the following goals:

o | will read the Nutrition Facts Label.

o | will add 2 servings of vegetablesto my diet.

o | will cut down added sugar in my drinks from my diet to help to control my blood sugar.

« | plantolearn more about considering different healthy eating options by meeting with a diabetes specialist by the time of our next visit.

Adapted from Association of Diabetes Care and Education Specialists (ADCES)

Clinic Note 2: Assessment and Plan

1. Type 2 diabetes mellitus without complications

«  Reviewed lab results with patient emphasizing the importance of optimizing HbA 1, with target HbA 1 below 8 %
o Advised to check FSG regularly and record, bring records for review next visit,

«  Reviewed risks of hypoglycemia, prevention, and management of hypoglycemic episodes

« Reviewed foot care, call meif notice an open areaon foot

Patient Education for Taking Medications

»  Taking medications helpslower your risk for heart attack, stroke, and kidney damage by managing blood glucose, blood pressure, and cholesterol
levelsin your body. The longer you have diabetes, the more help you will need from medications to keep you and your heart, eyes, and kidneys
healthy.

« | planto take my medications on time by bringing in all my medications to my next appointment between now and my next visit.

Adapted from Association of Diabetes Care and Education Specialists (ADCES)

2. Body mass index 40+ - severely obese (finding)

« Patient has started to feel somewhat better after his COVID infection and is motivated to increase activity and control his weight to improve
management of his diabetes, hyperlipidemia.

Patient Education for Reducing Risks
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«  Follow-upin clinic in 3 months with labs before the appointment

« Referral placed for diabetes education again

Clinic Note 3: Assessment and Plan

1. Diabetes Méllitus

8% so sheis doing well.

«  However, she has gained weight and is not feeling well.

Patient Education for Being Active

improve mood

Patient Education for Healthy Coping

negative and may lead to less healthy choices.

observe/record my mood daily, | will seek help if | feel challenged.

if she needs to make an earlier appointment.

«  Reducing risks means doing behaviors that minimize or prevent complications and negative outcomes of prediabetes and diabetes. Risks mean
doing behaviors that minimize or prevent complications and negative outcomes of prediabetes and diabetes.

« | planto make positive lifestyle changes, participate in diabetes self-management education.

« | will do this by scheduling an appointment by the time of our next visit.

Adapted from the Association of Diabetes Care and Education Specidists (ADCES)

« Detailed discussion with the patient, reviewed HbA 1 of 7.2%, her target is below 8% so she is doing well. HbA 1 of 7.2%, her target is below

«  We discussed medications that might make her mood better; however, the patient wants to focus on positive thinking first.

»  Discussed choosing favorite activities and following those fitting the patient's lifestyle. The patient identified the following goals.

o | liketowalk, park farther away from the door and commit to 10 minutes daily until our next visit. Thisis motivating for me because | want to

«  Check your blood sugar before and after exercise for safety and so you know how exercise impacts your blood sugar.

«  Discussed with patient that it is important to find healthy ways to cope and not to turn to harmful habits such as smoking, overeating, drinking
or alcohol. Thisis especialy true if you have diabetes. Having a lot of stress can increase blood glucose (sugar) levels, make you feel more

« | plan to cope with stress by make a list of people | can turn to for support and report back at my next visit to share how that went. | will

Adapted from Association of Diabetes Care and Education Specialists (ADCES)

«  Shewill continue her current medications, focus on lifestyle and | will see her back in 3 months with |abs before the appointment. She will call

In-depth interviewswere conducted in private settings and lasted
approximately 30 minutes. Sessions were audio recorded,
transcribed verbatim, and de-identified. Descriptive statistics
summarized participant demographics. Thematic analysis[14]
was conducted using an inductive approach to identify key
themes, and transcripts were coded independently by 2
researchers (PN and SD) before being reviewed by theresearch
team.

Ethical Considerations

This study was reviewed and approved by the University of
Missouri Health Care Ingtitutional Review Board (IRB
#2078424 MU). The protocol was deemed to be no greater than
minimal risk. Written informed consent was obtained from all
participants, including disclosure of the study goals. Participants
could opt out at any time. Nonessential identifying information
has been removed for publication. Screenshots and examples
included in the manuscript were deidentified so that no
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individual could beidentified directly or indirectly. Participants
were compensated with a US $50 cash card.

Results

Patient Characteristicsand Thematic Analysis
Findings From Interviews

Patient Characteristics

Overdl, 11 patients participated, recruited from a specialty
diabetes center. The average agewas 72 (SD 4.9; range 66 - 83)
years, 6 werefemale (55%), and most were non-Hispanic White
(10/11, 91%). Nearly half (5/11, 45.5%) had some college
education. The mean duration of diabeteswas 26 (SD 15; range
3 - 47) years, with a mean hemoglobin Alc (HbA,¢) of 7.6%
(SD 1.2%; range 6.1% - 10.3%). Most patients were insulin
users (9/11, 82%) and routinely accessed their clinic notes via
patient portals (10/11, 91%), typically on their own computers
(Table 1).
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Table. Characteristics of patient participants (n=11).
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Characteristics

Values, n (%)

Clinic location

Cosmopolitan International Diabetes and En-
docrinology Center

Age (years), mean (SD; range)

Sex

Male

Female

Hispanic or Latino

No

Yes

Race

Non-Hispanic White

Asian

Education

Some college credit, no degree

Associate degree

High school graduate, diploma, or equivalent
Bachelor’s degree
Trade/technical/vocationa training

Higher than a bachelor’s degree

Diabetes duration (years), mean (SD; range)
HbA 1., mean (SD; range)

11 (100)

71.6 (4.9; 66-83)

5 (45.5)
6 (54.5)

11 (100)
0 (0)

10 (90.9)
1(9.1)

5 (45.5)

2(18.2)

1(9.1)

1(9.1)

1(9.1)

1(9.1)

25.6 (15; 3-47)
7.6(1.2;6.1 - 10.3)

Insulin
No 2(18.2)
Yes 9(8L.8)
Access patient portal
No 1(9.1)
Yes 10 (90.9)
How (n=10)
Yourself 9(90)
With help from someone else 1(10)
Devices (n=10)
Computer 8(80)
| appreciate the large screen (n=2) _a
It'seasy (n=2) —
Mobile devices 2(20)
My phone is always with me (n=1) —
Read clinic notes
No 1(9.2)
Yes 10 (90.9)
3ot applicable.
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Readability

Most participants described the SEE-Diabetes statements as
straightforward and easy to read dueto plain language and clear
structure. For example, a 74-year-old woman (HbA ;. 6.9%)

highlighted that the section:
gives you the information about any testing that you
have had and the results fromiit.

While an 83-year-old man remarked it was:

well written and easily understood.

However, some participants suggested adopting stronger
motivational phrasing that better reflected a patient’s voice to
encourage action, such as statements:

[to get them to take something seriously 71-year-old
man, HbA1c 6.7%)]
Helpfulness
Perceptions of helpfulness were mixed. Severa participants
valued the content as a practical reminder between visits;

[It makes it awhole lot easier... to remember what
I’ m supposed to be doing 66-year-old woman, HbA1c
10.3%)]
or as a motivator to improve self-care (74-year-old woman,
HbA . 6.9%).

Others, especially those with long-standing diabetes, perceived
limited incremental benefit, describing the information as:
[not new 69-year-old man, HbA1c 9.2%)]

[or too broad... not specific enough to make any
difference 69-year-old man, HbA1c 9.2%.]

One participant rai sed concerns about documentation practices,
noting frustration with
[cut and paste... especially when the information is
inaccurate 74-year-old woman, HbA1c 7%]

Overdl, participants viewed helpfulness as dependent on
personalization, specificity, and avoidance of redundant content.

https://diabetes.jmir.org/2026/1/e83448
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Perceived Value

Patient views on added value also varied. Some appreciated the
consolidation of practical information:

[They don’'t haveto go onlineand googleit. Thefacts
are here 68-year-old woman, HbA 1c 6.1%)

and emphasi zed that SEE-Diabetes could complement physician
communication, which was sometimes perceived asincompl ete:

[Doctors aren't the best a8 communicating all the
information. | think those notes actually cover the
information... better 69-year-old man, HbA1c 9.2%)]

Othersreported minimal added value becausethey were aready
managing well (76-year-old woman, HbA ;. 7.8%) or desired
clearer, directive next steps:

[If there's a diabetes education section... another
section with recommendations... | would read that
too 71-year-old man, HbA1c 6.7%)

In this context, participants referred to distinct thematic
groupings within the SEE-Diabetes content, with actionable
recommendations embedded under each of the 7
ADCES/-aligned headings rather than presented in a separate
section. Several noted that regular updates and tailoring would
be essential to maintain engagement and prevent redundancy.
Additional illustrative quotes are provided in Multimedia
Appendix 1.

Clinician Characteristicsand Thematic Analysis
Findings From Interviews

Clinician Characteristics

In total, 8 clinicians participated, including 5 from specialty
diabetes care clinics and family medicine (primary care) settings.
The average age was 49 (SD 13.5; range 32 - 65) years, and 7
werefemale (88%). M ost were non-Hispanic White (6/8, 75%).
The average experiencein diabetes carewas 13 (SD 12.7; range
2 - 30) years. Most clinicianswerefamiliar with ADCESY (5/8,
63%) and DSMES guidelines (6/8, 75%) (Table 2).
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Table. Characteristics of clinician participants and knowledge of diabetes self-management education and support and Association of Diabetes Care

& Education Specialists 7 (n=8).

Characteristics n (%)
Clinic location

Cosmopolitan International Diabetes and En- 5(62.5)
docrinology

Keene Family Medicine 2(25)
Ashland Family Medicine 1(12.5)

Age (years), mean (SD; range) 48.6 (13.5; 32-65)

Sex

Male 1(12.5)
Female 7(87.5)
Hispanic or Latino

No 8 (100)
Yes 0(0)
Race

Non-Hispanic White 6 (75)
Asian 2(25)

Work experience (years), mean (SD; range) 12.7 (9.5; 2-30)

K nowledge about DSMES? and ADCES7 guidelines
Familiar with ADCES?

No 3(37.5)
Yes 5 (62.5)
Familiar DSMES

No 2(25)
Yes 6 (75)

3DSMES: diabetes self-management education and support.

BADCEST: Association of Diabetes Care & Education Specidlists 7 Self-Care Behavior.

Clarity and Concise

Most clinicians agreed that the SEE-Diabetes statements were
concise, free of jargon, and written in accessible language. A
40-year-old diabetes specialist noted that the notes “ use simple
language, no medical jargon, and [are] easy toread.” Similarly,
aprimary care physician with 2 years' experience described the
information as “short and easy to understand.” However, some
clinicians highlighted areas of ambiguity. For instance, a
diabetes specialist (8 y experience) observed that the phrasing
around medication timing and weight control was confusing
and insufficiently specific, suggesting that clearer targets, such
as “work on weight loss of 5%,” would enhance patient
comprehension.

Sufficiency of Content

Several clinicians endorsed the adequacy of the content,
describing it as“ pretty thorough and self-explanatory (diabetes
specialist, 8 y experience). However, others raised concerns
that some sections, particularly related to medication adherence,
lacked clarity and risked confusing patients. A primary care
physician (2 y experience) noted difficulty interpreting the

https://diabetes.jmir.org/2026/1/e83448

statement regarding bringing medications to the next
appointment, whereas another clinician emphasized the
importance of ensuring that each educational category
adequately addressed patient priorities.

Clinical Usefulness

Clinicians generally recognized the clinical utility of
SEE-Diabetes in supporting patient education and reinforcing
self-care. Severa reported that the tool aligned with common
teaching practices, such as educating patients about blood
glucose monitoring, interpreting results, and linking lifestyle
behaviors with outcomes (diabetes specialist, 8 y experience).
Others saw potential value in emphasizing diabetes-specific
goals during visits that are often crowded with competing
priorities (primary care physician, 30 y experience).
Nonetheless, some cautioned that time constraints may limit
consistent use in busy practices. Additionally, suggestions for
refinement included offering more concrete examples, such as
defining portion sizesin relatable terms (diabetes specialist, 22
y experience), to maximize patient engagement and
comprehension. Additional illustrative quotes are provided in
Multimedia Appendix 1.
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Discussion

Principal Findings

This study validated the content of SEE-Diabetes, an
EHR-integrated patient education tool designed to support
self-management among older adults with diabetes. By
incorporating both expert review and direct feedback from
patients and clinicians, we assessed the clarity, relevance, and
clinical utility of the educational content. Our findingsindicate
that SEE-Diabetes has strong potential to address documentation
and communication gapsin delivering DSMES and to facilitate
more personalized, actionable communication during routine
outpatient care. Importantly, SEE-Diabetes is not intended to
replace forma DSMES, which remains an ongoing,
person-centered process grounded in the assessment of
individual learning needs and preferences. Participants may
have received varying level s of diabetes education through prior
DSMES or routine clinician-provided counseling; however, the
amount and modality of such education were not assessed.
Accordingly, SEE-Diabeteswas eval uated as acomplementary,
EHR-integrated tool to reinforce routine self-management
communication rather than as a measure of DSMES exposure
or delivery.

Content validation was conducted using amultimethod approach
that combined expert opinion, end-user perspectives, and
alignment with the ADCES7 framework [15]. This strategy
ensured SEE-Diabetes is grounded in scientific evidence and
the practical redlities of diabetes care. While content validation
is sometimes overlooked in digital health tool development, it
playsacritical role in ensuring safety, relevance, and usability.
For instance, Patel et al [16] created aclinical decision support
system for patients with serious mental illness and diabetes but
relied mainly on in silico validation due to the complexity of
real-world testing. Such computational methods are useful for
assessing technical performance; however, they can delay
clinical implementation and may overlook usability issues in
practice [17]. In contrast, our study prioritized real-world
applicability by engaging both patients and clinicians in the
evaluation process, thereby strengthening the credibility and
adaptability of SEE-Diabetes in routine care.

Readability and understandability of the educational content
emerged as a central theme in the feedback from both patients
and clinicians. Thisalignswith prior evidence that ol der adults,
who may experience cognitive decline or limited health literacy,
benefit significantly from materials presented in straightforward,
jargon-free language [18]. Communicating health information
in clear, familiar terms (eg, using plain language and avoiding
medical jargon) significantly improves comprehension and
engagement [ 18]. Participant feedback in our study consistently
reinforced the value of plain language in promoting
understanding, highlighting the ongoing need for
patient-centered communication strategies across health care
settings [19]. Ensuring educational content is easily digestible
is especially critical for older adults, as it can empower them
to more actively participate in their care.

Clinicians viewed SEE-Diabetes as a concise, efficient tool for
delivering self-care guidance in time-constrained clinic visits,
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consistent with prior research showing that brief, targeted
educational interventions can be effective in busy health care
environments [20-22]. At the same time, some clinicians
suggested further refining certain statements (particularly inthe
“Taking Medication” domain) to enhance clarity and better
motivate patients. For example, one provider commented,
“Bringing medsto the visit does not ensure the patient will take
them regularly between visits.” Such feedback underscoresthe
importance of iterative development and continuous user input
to ensurethat toolslike SEE-Diabetesremain clinically relevant,
context-sensitive, and adaptable [23]. Incorporating provider
and patient suggestionsin subsequent revisionswill help address
these nuances and improve the tool’s effectiveness.

Our analysis aso identified a remaining gap in the delivery of
patient-centered education during routine diabetes follow-up
visits. Thisfinding echoes prior studiesindicating that although
DSMES is widely implemented, it often lacks the
personalization necessary to meet individual patient needs
[6,7,11,24]. In our previous work, we observed that standard
follow-up clinic notes frequently lacked patient-centered
education for patients with diabetes [7]. SEE-Diabetes directly
addresses this gap by embedding personalized educational
content directly into the clinic note (which nearly 80% of our
older patients reported reading via the patient portal [7]). By
aligning educational messageswith each patient’s unique context
and self-management goals, this approach supports the broader
movement toward patient-centered care. Such individualized
interventions are expected to enhance patient engagement and
treatment adherence and ultimately improve outcomes in
diabetes management.

Strengthsand Limitations

A key strength of this study liesin its user-centered validation
approach, which engaged both patients and clinicians across
primary care and specialty care settings. By involving real-world
end usersin the design and eval uation process, we ensured that
SEE-Diabetes content is not only evidence-based but aso
practical, readable, and clinically relevant. The use of tailored
clinical scenarios, combined with in-depth qualitativeinterviews,
provided rich insightsinto the clarity, useful ness, and perceived
value. This multistakeholder engagement enhances the
credibility of our findings and supports the tool’s adaptability
across diverse workflows, thereby strengthening its potential
for real-world implementation. Notably, our approach aligns
with UCD principles that emphasize iterative development and
continuous involvement of target users [9]. By continuously
incorporating feedback from both providers and patients, we
aimed to develop an educational tool that meets users' needsin
everyday practice.

Limitations of this study include asmall sample size and alack
of racial and geographic diversity in our participants. Because
the majority of participants were non-Hispanic White and
recruitment was limited to a single academic health center, the
generalizability of our findings may be constrained. This
homogeneity is consistent with the demographic profile of the
Midwestern United States, where approximately 73% of the
population identifies as non-Hispanic White, which likely
influenced the composition of our sample [25]. Future work
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should evaluate SEE-Diabetes in larger and more diverse
populations and test its implementation across various clinical
settings and regions. Despite these limitations, our study
supports the feasibility and potential value of integrating
personalized education into routine care through tools like
SEE-Diabetes. The structured, user-informed content provided
by SEE-Diabetes may help improve patient-provider
communication, support patient self-management, and ultimately
contribute to more patient-centered chronic disease care.

Future Directions

Beyond the current implementation, SEE-Diabetes has potential
for broader scalability across diverse care settings. While this
study focused on EHR-based delivery, futurework could explore
parallel formats such as printable summaries or patient-facing
handoutsto support clinicswithout advanced EHR functionality,
including rural and resource-limited programs. Additionally,
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situating SEE-Diabetes within national DSMES Standards and
the 4 critical times for DSMES delivery may help alignits use
with forma education pathways while reinforcing
self-management communication during routine care.

Conclusions

This study validated SEE-Diabetes, a patient-centered tool that
embeds tailored diabetes self-management support into EHR
notes for older adults. Both patients and clinicians confirmed
that the content is clear, relevant, and feasible for integration
into primary and speciaty care. Embedding plain-language
education within routine documentation may strengthen
communication, reinforce self-care, and support chronic disease
management in aging popul ations. Futurework should evaluate
implementation across diverse settingsand itsimpact on clinical
outcomes, engagement, and scalability.
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Abstract

Background: Culturaly and linguistically diverse (CalL D) populations are at a higher risk of devel oping prediabetes; however,
the effectiveness and implementation of digital health interventions for prediabetes management in this population are not well
understood.

Objective:  This review aims to evaluate the effectiveness and implementation of digital health interventions (DHIS) versus
usual care for glycemic control in CaL D populations living with prediabetes.

Methods. Thisreview aimed to include people of any age living with prediabeteswho are from aCal. D background. Experimental
and quasi-experimental studies that compare digital health interventions to usual care, waitlist, or active control were digible.
The primary outcome was glycemic control as measured by hemoglobin A ;.. A comprehensive search was conducted in CINAHL,
Cochrane Library, Embase, MEDLINE, 3 trial registers, and gray literature databases, along with reference lists for additional
studies. Studies published in English and published since the inception of each database were included. Statistical analyses
included meta-analysis, sensitivity analyses, subgroup analyses, meta-regression, and publication bias assessments. The
methodological quality was assessed using the JBI critical appraisal tools, and the quality of evidence was evaluated using Grading
of Recommendations, Assessment, Development, and Evaluation to create summary of findings tables. Random-effects models
with restricted maximum likelihood estimation were employed.

Results: A tota of 14 studies involving 5714 adult participants were included. The meta-analysis showed that DHIs were
associated with a reduction in hemoglobin A, (P<.001), though evidence certainty was low (mean difference=—0.14, 95% ClI
-0.24to - 0.05). Effects on fasting blood glucose and body weight remain uncertain. Implementation outcomes demonstrated
high uptake (>78.8%), engagement (>80%), and intention rates (89.1%) among Cal.D populations with prediabetes. Significant
heterogeneity was observed in both randomized controlled trials and pre-post studies. Subgroup analyses revealed significant
effects at the 6-month follow-up point only for interventions (P<.001). Meta-regression identified comorbidity status asthe only
significant contributor to heterogeneity (P=.02). Sensitivity analyses demonstrated robust significant effects (P<.001). Publication
bias assessment showed mixed results (Begg P=.23, Egger P=.02), but trim-and-fill analysis confirmed the robustness of the
findings with no missing studies. Despite these positive findings, substantial heterogeneity across most outcomes and |ow-to-very
low certainty evidence limit the reliability of these results, warranting cautious interpretation.

Conclusions: DHIs demonstrate potential for improving glycemic control in CaLD populations living with prediabetes. The
observed heterogeneity could be attributed to intervention duration, control type, and participants’ comorbidity status. While the
findings related to implementation were encouraging, the certainty of the evidence and substantial heterogeneity suggest that
DHis should be used as adjunctive tools with health care provider involvement rather than stand-alone solutions due to low
certainty evidence and substantial heterogeneity. Further rigorous research considering contextual, individual, and cultural factors
is needed.

Trial Registration: PROSPERO CRD42024556292; https.//www.crd.york.ac.uk/PROSPERO/view/CRD42024556292
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Introduction

Background

The global burden of prediabetes is substantial and increasing.
Prediabetes, also known as impaired glucose tolerance (IGT)
and impaired fasting glucose (IFG), increases the risk of
developing type 2 diabetes, cardiovascular disease, and stroke
[1,2]. Once diagnosed with prediabetes and without intervention,
5% - 10% of the people per year will progress to a diagnosis
of type 2 diabetes, and thisrateis higher for specific popul ation
groups (eg, South and East Asian people and older adults) [3].
Worldwide, the prevalence of IGT and IFG was 9.1% (464
million) and 5.8% (298 million) in 2021, respectively [2].
High-income countries had the highest rates of prediabetes in
2021, and low-income countries are projected to experience a
significant risein prevalence by 2045 [2]. For someindividuals
living with prediabetes, early and timely treatment, such as
lifestyle changes, can effectively prevent or delay the onset of
type 2 diabetes [4]. Thus, effective intervention strategies are
needed in low-, middle-, and high-income countries to address
the diabetes epidemic.

The use of digital health technologies is well established in
diabetes management to support patient self-care[5-7]. Digital
health, or eHealth, includes a range of approaches, such as
mobile health, telehealth and telemedicine, health information
technology, wearable devices, and personalized medicine [8].
Digital health interventions (DHIs) are programs that provide
information, communication, support, and networks to people
to improve their physical and mental health through the use of
digital technologies such as smartphones, websites, and text
messaging [7,9]. DHIs can help facilitate tailored interventions
and improve accessibility for hard-to-reach populationsto affect
behavior change [10].

Previous reviews have suggested that DHIs, such as digital
health coaching, technology-assisted diabetes prevention
programs, and digital health—supported lifestyle change
programs, are promising strategies to support peopleliving with
prediabetes [11-15], type 1 and type 2 diabetes, and their
cardiovascular complications[12-19]. Although thereisgrowing
evidenceto support the use of DHIsamong adults with diabetes
or prediabetes, further research is needed to establish the
efficacy of DHIs in improving prediabetes-related outcomes
among diverse groups[11,15,20]. For example, arecent scoping
review reported that while DHIs are acceptable for prediabetes
self-management, their effectivenessin reducing therisk of type
2 diabetesis still inconclusive [20].

Studies have reported that people from culturaly and
linguistically diverse (CaLD) backgrounds have a higher risk
of diabetes, associated hospitalizations, and mortality but lower
uptake and use of DHIs compared to non-CaLD groups
[9,21-23]. The term CalL D in this review is defined as “people
born in non-English-speaking countries and/or who do not speak

https://diabetes.jmir.org/2026/1/e70912

English at home” [23]. This category includes racial or ethnic
minority groups, immigrants, and refugees [9]. To promote
health equity among CaLD groups living with prediabetes, a
comprehensive understanding of the effectiveness, reach, uptake,
and feasibility of DHIswithin CaL D populations is needed.

A systematic search of PROSPERO, MEDLINE, the Cochrane
Database of Systematic Reviews, and the Joanna Briggs Institute
(JBI) Evidence Synthesis was conducted, and no ongoing or
planned systematic reviews on this targeted population were
identified. To address this gap, this systematic review aims to
synthesize the current evidence on the effectiveness, reach,
uptake, and feasibility of DHIs among CalLD living with
prediabetes across the lifespan. The outcome reporting is
infformed by the Reach, Effectiveness, Adoption,
Implementation, and Maintenance framework, which offers a
systematic approach to evaluate the implementation and
translational potential of health interventions [24,25].

Review Questions

The review questions were as follows: (1) What is the
effectiveness of DHIs versus usua care, waitlist, or active
comparator on glycemic control in CaLD populations living
with prediabetes? (2) How do these interventions compare in
termsof their reach, uptake, and feasibility in Cal.D populations
living with prediabetes?

Methods

Overview

This proposed systematic review was conducted following the
JBI methodology for systematic reviews of effectiveness and
the Cochrane Handbook for Systematic Reviews of I nterventions
to ensurerigorous standardsin addressing methodol ogical issues
in meta-analyses. We also used the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
2020 checklist to ensure clear reporting (Checklist 1) [26]. The
protocol was registered with PROSPERO (International
Prospective Register of Systematic Reviews;
CRD42024556292).

Inclusion Criteria

Participants

Studies that included people of any age living with prediabetes
from a Cal. D background were considered for inclusionin this
review without any limitations based on their gender, diagnostic
criteria, or duration of the disease. Prediabetesis defined by the
presence of IFG, or IGT, or an elevated hemoglobin A;.
(HbA o).

We used an evidence-based definition of CalLD study
participants, which refers to those who were born in
non-English—speaking countries or those whose main language
isnot English (eg, immigrants and refugees). Indigenous peoples
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(eg, First Nationsand I ndigenous peoplesin Australia, Canada,
the United States, and New Zealand) were not included in this
review as they are classified under a separate definition [23].
Thus, this review included CalL.D groups that were (1) bornin
countries where the official language differs from that of their
current country of residence or whose language spoken at home
is not the official language of the country where they reside or
(2) populations that were described in studies as “ ethnically or
racialy diverse” or “ethnic or racial minority” [9].

I nterventions

This review considered studies evaluating DHIs. A DHI is
defined as a discrete technology functionality or capability
designed to achieve a specific objective addressing a health
system challenge [27]. We categorized the DHIsinto 2 groups:
the targeted primary user and the stand-alone or integrated
interventions. According to the “Classification of Digital
Interventions, Services, and Applications in Health” proposed
by the World Health Organization, the targeted primary user
category included participants or caregivers, health care
providers, managers, and data services [27]. The category of
stand-alone or integrated interventions includes independent
digital components, such as SMS text messaging services,
smartphones or tablets, websites, computer-based programs,
and videoconferencing. It aso encompasses integrated
interventions that combine different digital components. There
was no limitation in relation to the intensity, frequency, or
duration of interventions.

Comparators

This review considered studies that compared DHIs to usual
care, waitlist, or an active control group. An active control was
defined as a specially designed intervention (eg, physical
activity, diet counseling, and health education) delivered either
face-to-face or through printed materials.

Outcomes

This review considered studies that included the outcomes of
effectiveness, reach, uptake, or feasibility of DHIs.

Evaluation of I ntervention Effectiveness

Effectiveness was defined as “the impact of an intervention on
important outcomes, including potential negative effects, quality
of life, and economic outcomes” [28]. The primary outcomein
thisreview wastheimpact on HbA 1c (%). Secondary outcomes
included fasting plasmaglucose (FPG), anthropometric indices
(eg, body mass index, weight, waist circumference), and
patient-reported outcomes.

Evaluation of Implementation Outcomes

I mplementati on outcomesincluded reach, uptake, engagement,
and feasibility based on the Reach, Effectiveness, Adoption,
Implementation, and Maintenance framework. Reach was
defined as “the absolute number, proportion, and
representativeness of individualswho are willing to participate
in a given initiative, intervention, or program” [28]. In this
review, we operationalized intervention reach using the
eligibility percentage, defined as: I ntervention Reach=(Number
of eligible participantsTotal number of individuas
invited)x100%.
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Uptake (or adoption) was operationalized asthe action of taking
up or using the intervention or health promotion program
components [28]. We considered reach and uptake at the
individual participant level. Intervention uptake was captured
through the uptake rate, calculated as follows: Uptake
Rate=[(Number of individuals who started participating in the
intervention/Total number  of  eligible individuals
invited)x100%], as well as through narrative descriptions of
participation (eg, the degree of participation in various
components of the intervention).

For feasibility, we considered all information on participant
satisfaction, acceptance, adherence, retention rates, and user
feedback to gain anuanced understanding of how interventions
were received and implemented.

Types of Studies

Following the Cochrane “Algorithm to decide whether areview
should include non-randomized studies of an intervention or
not” [29], weincluded both experimental and quasi-experimental
studies, including randomized controlled trials (pilot RCTs,
crossover RCTs, cluster RCTs, and prospective RCTS),
nonrandomized controlled trials, pre-post studies, and
interrupted time-series studies.

Search Strategy

The search strategy aimed to locate peer-reviewed published
studies. Thisreview utilized a 3-step search strategy. Aninitial
search of MEDLINE (EBSCO) was conducted to identify
relevant articles on the topic. A full search strategy, including
all identified keywords and index terms, was developed with
the assistance of aresearch librarian.

A comprehensive search was then conducted in 4 databases:
CINAHL, Cochrane Library, Embase, and MEDLINE; 3 trial
register websites, including Clinical Trials.gov, the Australian
New Zealand Clinical Trials Registry, and the International
Clinical Trials Registry Platform; as well as 2 gray literature
websites, including ProQuest Dissertations & Theses and
OpenGrey.EU. The search strategy was adjusted to suit each
database and websiteincluded in thisreview (seethefull search
strategy in Table S1 in Multimedia Appendix 1).

Thereferencelists of systematic reviewson similar topicswere
screened for additional studies. Studies published in English
since the inception of each database were included.

Study Selection

Following the search, all identified citations were collated and
uploaded into EndNote (version 20.0; Clarivate Analytics), and
duplicates were removed. Following a pilot test, titles and
abstracts were screened by 2 independent reviewers for
assessment against the inclusion criteria for the review (LW,
MZ, WHK). Potentially relevant studies were retrieved in full,
and their citation details were imported into the JBI System for
the Unified Management, Assessment, and Review of
Information (JBI SUMARI) (JBI) [26].

Multiple independent reviewers performed the full-text
screening for each record according to the inclusion criteria
(ATB, LW, MZ, and WHK). The reasons for the exclusion of
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full-text studies were recorded. Any disagreements that arose
between the reviewers at each stage of the selection process
were resolved through discussion with athird reviewer (LW).

Assessment of M ethodological Quality

Therevised JBI critical appraisal tool for the assessment of risk
of biasfor RCTs[30] and quasi-experimental studies[31] was
used by 2 independent reviewers (LW and MZ) to assess the
methodological quality of the included studies. Any
disagreementsthat arose were resolved through discussion with
athird reviewer (ATB). Critical appraisal results were reported
in a narrative form and presented in a table. All studies,
regardless of their methodological quality results, underwent
data extraction and synthesis.

Data Extraction

Two independent reviewers (LW and MZ) used a standardized
JBI data extraction tool in JBI SUMARI (JBI) to extract data.
The data extracted included information regarding the
participants’ characteristics (eg, age, sample size, percentage
of female participants, ethnicity), study methods (eg, study
design, country, and settings), intervention details (eg, duration,
frequency, components, mode of delivery), and outcomes of
significance to the review objective (primary and secondary
outcomes). Any disagreementsthat arose during data extraction
were resolved by the decision of athird reviewer (DA).

The authors of the studies were contacted to request missing
dataor clarification, whererequired. Where astudy wasreported
in multiple publications, the earliest publication was included,
and subsequent ones were identified as duplicates.

Data Synthesis

Data synthesiswas conducted through astatistical meta-analysis
and narrative synthesis. Statistical analyses were performed
using JBI SUMARI and Stata (version 17.0; JBI) by pooling
datafrom theincluded studies and generating forest plots, funnel
plots, and bubble plots. The final postintervention mean
differences were used to present the effect size for continuous
data(eg, HbA ., weight). Forest plots present mean differences

to account for heterogeneity, with corresponding 95% Cls.

The heterogeneity between the studies was evaluated using the
12 (1% - 100%) statistic and visualized with Galbraith plots.
Dueto substantial heterogeneity (12>75%) and the inclusion of
pre-post studies, random-effects meta-analyses using the
restricted maximum likelihood method were used to pool the
data The sources of heterogeneity were explored through
meta-regression, sensitivity analyses, and subgroup analyses.
Sensitivity analyses were performed using a leave-one-out
meta-analysisto test decisions made regarding the effectiveness
of interventions versus comparatorson HbA ;. levels. Subgroup
analyses were conducted based on intervention characteristics
and types of control. A qualitative evaluation of the
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heterogeneity of the included studies was also conducted by
comparing participant and study characteristics.

Given that our meta-analysis included 10 or more studies, we
performed funnel plot asymmetry analysis, including the Egger
test and Begg test, to assess publication bias. Although no
significant publication bias was detected, given the substantial
heterogeneity (12>50%), a trim-and-fill test was performed to
assess the robustness of the pooled results and estimate the
potential impact of missing studies. Secondary outcomes were
meta-analyzed when sufficient datawere available. Furthermore,
implementation outcomes were narratively synthesized and
presented with supporting tables and figures due to the
inappropriateness of statistical pooling.

Assessing Certainty in the Findings

The Grading of Recommendations, Assessment, Development,
and Evaluation (GRADE) approach was followed to grade the
certainty of evidence [32]. A Summary of Findings (SoF) table
was generated using the web-based software GRADEpro
GDT/2015 (McMaster University, ON, Canada) to summarize
the strength and reliability of the evidence. At least 2
independent reviewers (ATB and MZ) initially undertook this
at the primary outcome level. Any disagreements that arose
between the reviewers were resolved through discussion with
athird reviewer (LW). Where required, the authors of included
studies were contacted to request missing or additional datafor
clarification. The SoF table presents aranking of the quality of
the evidence based on the risk of bias, indirectness,
inconsistency, imprecision, and publication bias. The outcomes
reported in the SoF table were HbA,; (%), FPG, and body
weight.

Results

Study Inclusion

Our initial search yielded 1406 records. After removing 205
duplicate records and those marked asineligible using EndNote,
the remaining articles were imported into JBI SUMARI for
further screening, as shown in the PRISMA flow diagram. We
removed 1041 articles by assessing titles and abstracts, and a
total of 138 articles (126 from databases and trial registriesand
12 from website and citation searching) were retrieved for
full-text review.

The search results and the study selection process were reported
according to aPRISMA flow diagram inthefinal review (Figure
1) [33]. Based on the exclusion criteria shown in Figure 1, a
total of 14 articleswere eligible for inclusion in the systematic
review. However, as 1 multinational study reported separate
datafor each region and another study reported outcomesfor 2
distinct intervention completion levels, 17 independent datasets
wereincluded in the meta-analysis. Thelist of excluded studies
and their reasons for exclusion is provided in Table S2 in
Multimedia Appendix 1.
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart. ANZCTR: Australian New Zealand Clinical

Trials Registry; ICTRP: International Clinical Trials Registry Platform.
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M ethodological Quality

A tota of 14 studies underwent methodological quality
assessment. Nine RCTs demonstrated high methodological
quality, reporting “ Yes’ for at least 9 of 13 quality assessment
items (Table S3 in Multimedia Appendix 1). All RCTs used
intention-to-treat analysis, meaning they included participants
in the groupsto which they were originally assigned. However,
all studies either had unclear results or reported no blinding for
participants (0%) and treatment providers (0%). Only 22.22%
(2 studies) had outcome assessors who were blind to the
treatment assignment. According to Khunti et al. [34], thislack
of blinding may be due to the nature of DHIs.

In addition, 5 pre-post studies showed moderate quality, with
<4 of 9 items rated as unclear or not met (Table S3 in
Multimedia Appendix 1). As single-group studies, they
inherently could not meet 2 specificitems:. “ Therewas acontrol
group” (rated as “N0”) and “Participants receiving similar
treatment/care other than the intervention of interest” (rated as
“N/A" dueto the lack of between-group comparisons).

Characteristics of Included Studies

Table S4 in Multimedia Appendix 1 summarizes the
characteristics of the included studies. All 14 studies were
published between 2014 and 2023 and included atotal of 5714
participants. About 9 studies (64.3%) were RCTSs, with usual
care control (n=4, 28.6%), active comparator (n=1, 7.1%), both
usual care and active controls (n=2, 14.3%), and waitlist control
(n=2, 14.3%). The remaining 5 studies (35.7%) were pre-post
studies.

Over half of the studies were conducted in the United States
(n=8), followed by the United Kingdom (n=2). The remaining
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studies were conducted in the United Kingdom and India, New
Zedland, Singapore, and across Sweden, South Africa, and
Uganda(n=1 each). The sample size acrossthe 14 studiesranged
from 27 to 2390 participants. The mean age of the participants
was 53.1 years (SD 10.2), with mean ages across studiesranging
from 41.7 to 62.4 years (age range: 18 - 88 y). Of the studies
that reported the duration of prediabetes (n=4), the duration
ranged from 1to 5 years.

Theduration of interventionsranged from 3 to 36 months, with
most studies implementing either 6-month or 12-month
interventions (n=5 each, 35.7%). Of the 14 included studies, 9
(64.3%) reported follow-up data beyond the endpoint of the
intervention, with follow-up periods ranging from 3 to 48
months.

Primary Effectiveness Outcomes

As Cochrane recommends that randomized trials and
nonrandomized studies of interventions should not be combined
inameta-analysis[29], the meta-analysesfor RCTsand pre-post
studies were conducted separately.

Effects of DHIson HbA,. Levels

The meta-analysis of RCTs (9 studies with 11 datasets, 4058
participants) showed a small effect on HbA ;. reduction (mean
difference [MD]=-0.14, 95% CI -0.24 to -0.05, P<.001,
12=92.15%) favoring DHIs (Figure 2). Pre-post studies (5 studies
with 6 datasets, 1782 participants) demonstrated a moderate
effect on HbA,. levels post-intervention compared to
pre-intervention (MD=-0.33, 95% CI -0.47 to -0.19], P<.001,
12=85.71%; Figure 2). However, the substantial heterogeneity
observed limitstheinterpretability and generalizability of these
findings, warranting cautious interpretation.
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Figure 2. Forest plots of the effect of digital health interventions (DHIs) on hemoglobin A (HbA ¢, %) among culturally and linguistically diverse
(CaLD) populations living with prediabetes [34-47]. RCTs:. randomized controlled trials; REML: restricted maximum likelihood.

RCTs
DHlis Control Mean diff. Weight
Study N Mean SD N Mean SD with 95% ClI (%)
Bender 2018 33 5.739 .205 34 5.811 .268 L 3 -0.07 [ -0.19, 0.04] 10.04
Block 2015 163 534 32 176 542 3 = -0.08 [ -0.15, -0.01] 11.07
Fisher 2016 78 5.8 .025 79 6.1 .175 . -0.30[ -0.34, -0.26] 11.45
Khunti 2021 126 6 4 138 5.9 A B 0.10[ 0.00, 0.20] 10.46
Lim 2021 72 572 33 76 6 .26 0 -0.28 [ -0.38, -0.18] 10.49
Marcus 2022 78 529 27 75 535 .43 -0.06 [ -0.17, 0.05] 10.07
McLeod 2020 1088 68 29 114 68 29 c 0.00[-0.76, 0.76] 1.42
Nanditha 2020 1,031 6.1 5 1,031 6.1 5 0.00[ -0.04, 0.04] 11.41
Timm 2021(South Africa) 145 555 36 140 59 .76 . 5 -0.35[ -0.49, -0.21] 9.46
Timm 2021(Uganda) 126 531 82 125 567 1.14 —— -0.36[ -0.61, -0.11] 6.68
Timm 2021(Sweden) 52 578 .49 58 592 .64 —— -0.14[ -0.35, 0.07] 7.43
Overall 2 -0.14[ -0.24, -0.05]
Heterogeneity: 12 = 0.02, F =92.15%, H*=12.75
Test of 6, = 6: Q(10) = 154.82, P<.001
Test of 68 = 0: z=-2.89, P<.001
A 5 0 5 1
Random-effects REML model

Pre-post studies

DHis Control Mean diff. Weight
Study N Mean SD N Mean SD with 95% CI (%)
Collins 2023 482 569 47 482 594 5 B -0.25[-0.31, -0.19] 20.36
Kim 2019 50 5.6 4 50 62 2 —- -0.60[-0.72, -0.48] 18.16
Sepah 2014(Core) 159 561 .883 159 5.98 .883 —— -0.37 [ -0.56, -0.18] 15.04
Sepah 2014(Post-core) 130 5.64 .912 130 6.04 912 —— -0.40[-0.62, -0.18] 13.81
Shin 2022 43 51 54 43 52 .55 ——-0.10[-0.33, 0.13] 13.44
Summer 2021 27 61 22 27 6319 .14 - -0.22[-0.32, -0.12] 19.18
Overall - -0.33 [ -0.47, -0.19)
Heterogeneity: 12 = 0.02, P =85.71%, H*=7.00
Test of 8,= 8;: Q(5) = 31.81, P<.001
Test of 8 = 0: z=-4.58, P<.001

1 -5 0

Random-effects REML model

Sensitivity Analysis

The robustness of the meta-analysisregarding HbA ;. levelswas
examined through a leave-one-out sensitivity analysis, which
was produced by excluding a single study to investigate the
influence of each study on the overall effect size estimate. The
resultsin Figure S1in Multimedia Appendix 2 showed that the
pooled effect size remained stable (MD ranging from —0.31 to

https://diabetes.jmir.org/2026/1/e70912
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-0.10), with all P values <.001, suggesting the robustness of
our findings.

At least 2 trials were identified as a potential source of
heterogeneity [35,36]. Removing these studies substantially
reduced 12 in both RCTs (92.15%-89.96%) [32] and pre-post
studies (85.71%-0.02% [36]; Figure S2 in Multimedia A ppendix
2). The statistical significance of pooled effect sizes remained
unchanged (all P<.001), indicating that while these studies
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contributed to between-study heterogeneity, they did not alter
the significance of the intervention effects.

groups (Figures 3 and 4). Figure 3 indicates that both the usual
care and active control subgroups showed significant reductions
in HbA . levels (P<.001 for both), while the waitlist control
subgroup did not report asignificant difference (P=.91). Overall,
there were no significant differences among the 3 categories of
the control subgroups (P=.47), indicating that the type of the
control group did not significantly influence the effect of DHIs.

Subgroup Analysis

We conducted subgroup analyses of the included RCTs based
on control group type and duration of DHIs (6, 12, or 24 mo),
which revealed varying intervention effects across different

Figure 3. Subgroup analysisof hemoglobin A1 (HbA 1., %) by control group types[34,35,37-43]. DHIs: digital health interventions; REML : restricted
maximum likelihood.

DHIs Control Mean diff. Weight
Study N Mean SD N  Mean SD with 85% ClI (%)
Usual Care
Fisher 2016 78 5.8 .025 79 6.1 .175 [ | -0.30[ -0.34, -0.26] 10.25
Khunti 2021(UC) 63 6 4 138 59 4 . 3 0.10[-0.02, 0.22] 8.79
Lim 2021 72 572 .33 76 6 .26 u -0.28 [ -0.38, -0.18] 9.33
McLeod 2020 108 68 29 114 6.8 29 = 0.00[-0.76, 0.76] 1.19
Nanditha 2020 1,031 6.1 5 1,031 6.1 5 [ | 0.00[-0.04, 0.04] 10.21
Timm 2021(Uganda) 63 531 82 125 567 1.14 —— -0.36 [ -0.68, -0.04] 4.48
Heterogeneity: 12 = 0.03, I2 = 95.66%, H? = 23.02 <@ -0.15[-0.32, 0.02]
Test of B, = 6;: Q(5) = 127.76, p = 0.00
Waitlist Control
Bender 2018 33 5.739 .205 34 5811 .268 . 3 -0.07[-0.19, 0.04] 8.90
Block 2015 163 5.34 .32 176 5.42 3 [ | -0.08 [ -0.15, -0.01] 9.88
Heterogeneity: 12 = 0.00, I2=0.01%, H2 =1.00 L 4 -0.08 [ -0.14, -0.02]
Testof 6, =6, Q(1) =0.01, p=0.91
Active Control
Marcus 2022 78 529 .27 75 5.35 .43 . -0.06 [ -0.17, 0.05] 8.93
Timm 2021 (South Africa) 145 555 .36 140 59 .76 i -0.35[-0.49, -0.21] 8.36
Timm 2021(Sweden) 52 578 .49 58 592 .64 —— -0.14[-0.35, 0.07] 6.47
Timm 2021(Uganda) 63 531 82 125 567 1.14 —— -0.36 [ -0.68, -0.04] 4.48
Khunti 2021 63 6 4 124 6 4 . 3 0.00[-0.12, 0.12] 8.74
Heterogeneity: 12 = 0.02, I? = 76.62%, H?> = 4.28 < -0.16 [ -0.31, -0.01]
Test of 6, = 6,: Q(4) = 17.78, p = 0.00
Overall L 2 -0.14 [ -0.23, -0.05]
Heterogeneity: 12 = 0.02, £ =90.33%, H*=10.34
Test of 8, = 8: Q(12) = 152.43, P<.001
Test of group differences: Q,(2) = 1.50, P = .47

T T
-5 0

Random-effects REML model
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Figure 4. Subgroup analysis of hemoglobin A4 (HbA 1, %) by the duration of digital health interventions (DHIs) [34,35,37-43]. REML: restricted

maximum likelihood.

DHls Control Mean diff. Weight
Study N Mean SD N  Mean SD with 85% Cl (%)
6-month
Bender 2018 33 5.739 .205 34 5.811 .268 . 3 -0.07 [ -0.19, 0.04] 10.04
Block 2015 163 5.34 .32 176 5.42 3 [ | -0.08 [ -0.15, -0.01] 11.07
Lim 2021 72 572 .33 76 6 .26 n -0.28 [ -0.38, -0.18] 10.49
Marcus 2022 78 529 27 75 5.35 .43 . 3 -0.06 [ -0.17, 0.05] 10.07
Heterogeneity: 12 = 0.01, 12 = 78.84%, H*> = 4.73 & -0.12[-0.23, -0.02]
Test of 8, = 6, Q(3) = 13.96, p = 0.00
12-month
Fisher 2016 78 5.8 .025 79 6.1 .175 [ | -0.30 [ -0.34, -0.26] 11.45
McLeod 2020 108 68 29 114 68 29 = 0.00[-0.76, 0.76] 1.42
Timm 2021(South Africa) 145 555 36 140 59 .76 = = -0.35[-0.49, -0.21] 9.46
Timm 2021(Uganda) 126 5.31 .82 125 5.67 1.14 —— -0.36 [ -0.61, -0.11] 6.68
Timm 2021(Sweden) 52 578 .49 58 592 .64 —— -0.14[-0.35, 0.07] 7.43
Heterogeneity: 12 = 0.00, |2 = 0.00%, H? = 1.00 ¢ -0.30 [ -0.34, -0.26]
Test of 8, = 6, Q(4) = 3.46, p=0.48
= 24-month
Khunti 2021 126 6 4 138 59 L 0.10[ 0.00, 0.20] 10.46
Nanditha 2020 1,031 6.1 5 1,031 6.1 [ | 0.00[-0.04, 0.04] 11.41
Heterogeneity: 1 = 0.00, |> = 70.86%, H? = 3.43 < 0.04[-0.06, 0.14]
Testof 8, = 6;: Q(1) =3.43, p=0.06
Overall < -0.14[ -0.24, -0.05]
Heterogeneity: 12 = 0.02, F=92.15%, H?=12.75
Test of 6, = 6;: Q(10) = 154.82, P<.001
Test of group differences: Q,(2) = 47.59, P<.001

1 5 0 5 1

Random-effects REML model

In the subgroup analysis of duration of DHIsin Figure 4, only
the 6-month intervention group demonstrated a significant
reduction in HbA ;. (P<.001). Thetest for subgroup differences
indicates that the effectiveness of DHIs varies significantly
across different intervention durations (P<.001). Thishighlights
theimportance of careful consideration of intervention duration
in the design of DHIs.

Heterogeneity was observed to be low in most subgroups
compared to the overall heterogeneity (Figures 3 and 4). For
example, the 12-month intervention group showed no
heterogeneity (12=0.00%), and the waitlist control group
displayed minimal heterogeneity (12=0.01%). The decrease in
within-group heterogeneity suggests that the duration of DHIs
and control group type may be potential sourcesof heterogeneity
when observed across al studies.

https://diabetes.jmir.org/2026/1/e70912
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Meta-Regression Analysis

A meta-regression analysiswas performed to explore the sources
of heterogeneity for the outcome HbA ;.. (12=96.23%). Among
all covariatestested, including country, sample size, comorbidity
status, study design, type of intervention, duration of DHIs, and
type of control, only comorbidity status was statisticaly
associated with heterogeneity (P=.02), explaining 20.14% of
the observed between-study variance (R#=20.14%). As shown
in the bubble plot in Figure 5, the regression line indicates a
negative relationship between comorbidity status and effect
Size, suggesting that studies reporting participants living with
a higher number of comorbidities tend to report smaller
intervention effects. However, the wide 95% CI and dispersed
study distribution indicate considerable variability in this
relationship, limiting the conclusiveness of this association.
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Figure 5. Meta-regression bubble plot showing the relationship between participants comorbidity status and intervention effects on hemoglobin A4

(HbA 1, %).
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Publication Bias

Publication bias was assessed using both Begg test and Egger
test for HbA . outcomes. While the Begg test suggested no
publication bias (P=.23), the Egger test indicated potential
publication bias (P=.02). We also conducted a trim-and-fill
analysis to assess the robustness of our findings, in light of the
higher sensitivity of the Egger test and the variety of study
designsincluded.

https://diabetes.jmir.org/2026/1/e70912

Thetrim-and-fill analysisidentified no missing studies (observed
studies=17, imputed studies=0), with the pooled effect size
remaining unchanged (95% Cl —0.864 to —0.232), suggesting
the robustness of the findings. Besides, avisua comparison of
thefunnel plotsin Figure 6 showed that while some asymmetry
in study distribution was present, the nonparametric trim-and-fill
analysisdid not identify any potentially missing studies, as both
plots were identical. This suggests that although statistical
asymmetry exists, it does not represent true publication bias
and therefore does not impact the overall effect estimate.
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Figure 6. Publication bias assessment using funnel plots. REML.: restricted maximum likelihood.
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(a) Original funnel plot with REML estimator

Secondary Effectiveness Outcomes

Meta-analyseswere conducted for FPG and body weight. RCTs
showed improvements favoring DHIs for FPG (4 studies,
MD=-0.25, 95% Cl —0.55 to 0.04, P<.001) and body weight
(7 studies, MD=-0.30, 95% CI —0.78t0 0.18, P<.001). Pre-post
studies demonstrated areduction in body weight (3 studieswith
4 datasets, MD=-0.81, 95% Cl —2.16 to —0.53, P<.001; Figure
S3 in Multimedia Appendix 2). Other secondary outcomes,
including body mass index, waist circumference, and
self-efficacy, had insufficient data for meta-analysis.

https://diabetes.jmir.org/2026/1/e70912
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(b) Nonparametric trim-and-fill analysis estimator

Implementation Outcomes

Reach, Uptake, and Engagement

As shown in Table 1, 9 studies (64.3%) reported intervention
reach ranging from 11.9% to 86.6%, and 7 studies reported
intervention uptake varying from 78.8% to 100%. Among the
14 included studies, participant engagement was reported in 12
studies, with 5 studies reporting digital platform utilization and
3 studies reporting sustained engagement. Participant
engagement varied across interventions, with program
completion rates ranging from 66.7% (=75% core lessons) to
100% (=40% lessons) and session attendance rates from 80%
to 96.5%. Detailed implementation metrics are available in
Table S5 in Multimedia Appendix 1.
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Author, year Intervention Reach Uptake (%) Engagement Retention? (%)
(%) (%)

Block et a [37] (2015) Web-based program NRP NR 70.8 86.1

Bender et a [38] Fitand trimprogram  NR 78.8 91 (visit attendance) 91

(2018)

Fischer et al [39] Message-augmented  14.6 NR NR 96.3

(2016) intervention

Limetal [40] (2021) App-based coaching  76.4 100 91.7 (app use) 93.2

Marcus et al [41] Enhanced PAS 214 100 50 (sustained) 62.7

(2022)

McLeod et a [42] BetaMe/Melon digital  17.6 75.9 74 overal (lower for  94.4

(2020) program Maori)

Nanditha et a [35] SMS-based lifestyle 12.3 NR NR (2 - 3 messages 82

(2020) support per week)

Timmet d [43] (2021) Telephonefacilitated 2.8 - 35.7 NR NR 49.8 - 57.6
coaching

Khunti et al [34] mHealth® support 11.9 87.4 80 (group attendance)  73.6

(2021)

Coallins et a [44] DPP NR NR 16.6 - 98.4 (acrossbe- 46.9

(2023) haviors)

Kimeta [36] (2019) Mobileself-helppro- 79.4 100 96.5 (counseling atten- 87
gram dance)

Shineta [45] (2022) Technology-enhanced NR NR 93 (device adherence) 100
PA

Summers et a [46] Low Carb Program 45 100 66.7 (core lesson) 77.8

(2021)

Sepahetal [47] (2014) ppP®pasad groupinter- 866 100 65.5 (programcomple-  65.5
vention tion)

3Retention rates reflect the final follow-up point for each studly.
BNIR: not reported.

®PA: physical activity.

dmHealth: mobile health.

®DPP: diabetes prevention program.

Feasibility of DHIs

About 13 studies reported outcomes related to feasibility.
Retention rates ranged from 46.9% to 100% across the time
points (3 mo: 89.1% - 95.9%, 6 mo: 68.6% - 93.2%, 12 mo:
62.7% - 77.8%), while attrition rates varied from 3.7% to
53.1%. Interestingly, program completion was related to
participant characteristics (gender, age, education level), with
implementation challenges primarily related to language barriers
and delivery methods [34,43,47].

Cultural Adaptation Strategies

Cultural adaptation strategies were reported in 4 studies,
including 2 RCTs (with effect sizes of -0.06 and -0.07,
respectively) [38,41] and 2 pre-post studies (with effect sizes
of —0.10 and -0.60, respectively; Figure 2) [36,45]. These
strategies varied across studies and were grouped into 3 main
domains. Linguistic adaptations included native language
delivery (Korean, Spanish) [36,41,45]. Content-based
adaptations involved culturaly adapted psycho-behavioral

https://diabetes.jmir.org/2026/1/e70912

education addressing unique cultural and motivational factors
[36], cultural adaptation of theories (social cognitive theory
adapted for Latino culture) [41], and integration of
culture-specific food guides and activities [38].

Delivery-mode adaptations included personalized tailoring
through individual reports and text messages [36,41], as well
ascommunity-engaged approaches, such as small group formats,
community health worker involvement, and family-centered
methods [36,38,45]. The details of these interventions are
provided in Table S6 in Multimedia Appendix 1.

GRADE Summary of Findings

Based on the SoF in Table 2, DHIs can result in a dlight
reduction in HbA ;. in RCTs (low-certainty evidence) and may
reduce HbA1c in pre-post studies (very low-certainty evidence).
For secondary outcomes, DHIs may result in little-to-no
difference in FPG (MD=-0.25 mmol, 95% CI -0.55 to 0.04;
low-certainty evidence) and body weight (MD=-0.3 kg, 95%
Cl [-0.78, 0.18]; low-certainty evidence) in RCTs. For pre-post
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studies, DHIs may have little-to-no effect on body weight, but  body weight were derived from Figure S3 in Multimedia
the evidence is very uncertain (MD=-0.81 kg, 95% Cl -2.16 Appendix 2.

to 0.53; very low-certainty evidence). The results of FPG and

Table. Summary of findings: effectiveness of digital health interventions (DHIs) for culturally and linguistically diverse (Cal.D) populations living
with prediabetes.

QOutcomes Anticipated absolute effects? (95% Cl) Number of participants Certainty of the evi- Comments
(studies) b (GRADE®

Risk with control Risk with DHIs dence” (G )
HbAlCd follow-up: The mean HbAlC MDE® 0.14% lower 4058 (11 RCTS)f LOWg’h DHIsmay resultina
range 3monthsto 48  ranged from 5.35%t0  (0.24 lower to 0.05 slight reduction in
months 6.8% lower) HbA ¢
HbA 1. follow-up: The mean HbA 1 MD 0.33% lower (0.47 891 (6 nonrandomized Very lowdiiK DHIs may reduce
range3monthsto 12 ranged from5.2%to  lower to 0.19 lower)  studies) HbA ¢, but the evi-
months 6.319% denceisvery uncertain
[==%] follow-up: range The mean FPG was MD 0.25 mmol/L low- 2616 (4 RCTSs) Lowd™m DHIsmay result in lit-
3 monthsto 24 months  2-07 - 6.24 mmol/L er (0.55 lower t0 0.04 tle-to-no differencein

higher) FPG

Body weight follow- ~ Themean body weight MD 0.3 kg lower (0.78 3575 (7 RCTS) Lowdn DHIsmay result in lit-
up: range 6 monthsto  ranged from 78.9 to lower to 0.18 higher) tle-to-no differencein
48 months 92.04 kg body weight
Body weight follow-  Themean body weight MD 0.81 kg lower 1242 (5 nonrandom- Very [owdhin DHIs may have little-
up: range 6 monthsto  ranged from 66.9t0 99 (2.16 lower to 0.53 ized studies) to-no effect on body
12 months kg higher) weight, but the evi-

denceisvery uncertain

8The risk in the intervention group (and its 95% Cl) is based on the assumed risk in the comparison group and the relative effect of the intervention
(and its 95% ClI).

BGRADE Worki ng Group grades of evidence High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a
possibility that it is substantially different. Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different
from the estimate of the effect. Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially
different from the estimate of effect.

°GRADE: Grading of Recommendations, Assessment, Development, and Evaluation.

9 bA 1. hemoglobin A4c.

€M D: mean difference.

fRCTs: randomized controlled trials.

9Downgraded 1 level for inconsistency due to substantial statistical heterogeneity (12>80%, P<.001), although Cls showed overlap across studies.

P The evidence was downgraded 1 level for imprecision due to wide Cls spanning both benefit and harm.

iDowngraded 1level for study limitations due to methodol ogical concernsidentified by the JBI critical appraisal tool, particularly regarding insufficient
follow-up time (0% compliance) and inadequate reporting of loss to follow-up (20% compliance), although other methodological aspects were well
addressed.

jDespite being pre-post studies, the evidence directly addressed our research question in terms of population, intervention, and outcomes. Therefore,
we did not downgrade for indirectness.

KEvidence was downgraded 1 level for imprecision dueto 1 study (16.17% weight) having Cls crossing the null line, which impacts the certainty of the
effect estimate.

IFPG: fasti ng plasma glucose.

MEvidence was downgraded 1 level for imprecision due to Cls crossing the null linein 2 of the 4 studies, despite an adequate total sample size.

"Downgraded 2 levels for very serious inconsistency due to substantial statistical heterogeneity (12>90%, P<.001) and lack of overlap in Cls across
most studies.

improving glycemic control compared to usual care or active
controlsin both RCTsand pre-post studies (P<.001). However,
the evidence from the SoF tables indicates low-to-very low
certainty, suggesting that while DHIs may dlightly improve
HbA ., the true effect may differ significantly. Similarly, the
effects on FPG and body weight are uncertain. In light of the
low-to-very low certainty evidence, DHIs are best used as
adjunctive tools in prediabetes management with health care
provider involvement, rather than as stand-alone solutions, to

Discussion

Principal Findings

This systematic review and meta-analysis examined 14 studies
involving 17 articles on the effectiveness, reach, uptake, and
feasibility of single- or multi-component DHIs for 5714
participants from CaLD backgrounds living with prediabetes.
The meta-analysis indicated that DHIs were effective in

https://diabetes.jmir.org/2026/1/€70912 JMIR Diabetes 2026 | vol. 11 | €70912 | p.70

(page number not for citation purposes)

RenderX


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES

maximize effectiveness [6,48]. Regarding intervention
implementation, theincluded studies demonstrated high uptake
and strong engagement with DHIs among CalL.D populations
living with prediabetes, along with satisfactory completion and
attendance rates.

Findingsin Context

Our meta-analysis found that DHIs, whether stand-alone or
integrated, are effective compared to usual care or active control
in managing glycemic control in prediabetes. The findings are
congruent with previous reviews [20,49], recently published
and focused on al populations, although the consistent results
are partly due to the overlap of the included studies. They
included 3 studies on HbA 1c outcomes, 2 of which were also
included in our review. We excluded the other study because it
was not related to CaLD populations [50]. This situation
potentially reflectsthe limited evidence, particularly from RCTS,
on the effectiveness of DHIs in prediabetes management. Our
review of 14 studies involving 11 datasets of RCTs provides
more comprehensive and systematic evidence, while also
extending the evidence specifically to CalL.D populations with
prediabetes. It should be noted that the inclusion of 5 pre-post
studies resulted in very low certainty evidence for both HbA
and body weight outcomes, primarily due to inherent design
limitations such as temporal confounding and lack of control
groups.

Several aspects affect the effectiveness of DHIs in managing
blood glucose among Cal. D populationsliving with prediabetes.
Our subgroup analysis findings suggest that the duration of
intervention should be carefully considered when designing
DHlIs. The results showed that only 6-month interventions had
asignificant reduction in HbA ;. levels (Figure 4). This pattern
aligns with previous evidence showing that intervention effects
may be difficult to sustain over time. The Finnish Diabetes
Prevention Study demonstrated significant improvements in
HbA . at year 1, with benefits diminishing after year 2 [51].
Similarly, mobile health interventions more generally showed
that the impact decreased over time, especialy after a 6-month
follow-up [52]. One possible explanation for this pattern isthe
decreasein the retention rates and engagement with DHIs across
the time points. Participant retention rates reported across 13
studies showed a notable decline, decreasing from high levels
at 3 months to moderate levels at 12 months. Engagement data
showed similar temporal patterns; for example, Callins et al
[44] noted adrop from 74.0% to 46.9%. Additionally, attrition
rates showed greater variability in 12-month studies (range:
3.7% - 53.1%) compared to 6-month studies (range:
6.9% - 15.2%; Table S5 in Multimedia Appendix 1).

Moreover, the quaity of implementation and cultural adaptation
may explain the variations in the effectiveness observed. The
outcomes reported at the 12-month follow-up showed lower
consistency in effects compared to the 6-month follow-up data,
with nonsignificant pooled results due to 2 studies finding null
effects (Figure 4) [42,43]. Timm et al. [43] found that within a
multicountry intervention, the Sweden subgroup showed no
effect due to language barriers and inconsistent delivery of the
intervention, while significant effects were noted in the South
African and Ugandan subgroups. Additionally, McLeod et al.
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[42] observed poor engagement among Madori participants,
attributing this challenge to the insufficient involvement of
Maori and Pacific populations in the design phases. These
findings suggest that support for participants to continue to
engage with the elements of theintervention isrequired. Inthis
context, the follow-up at 6 monthsindicated an optimal balance
between sustained engagement and effectiveness. Only 2 studies
examined the impact of interventions at 24 months or longer,
indicating the need to further understand the longer-term impact
of interventions and how participants can be supported to
enhance engagement over the longer term.

The meta-regression data indicated a significant association
between comorbidity status and the effectiveness of DHIs. This
finding aligns with the Look AHEAD trial, which shows that
multimorbidity can reduce the effectiveness of lifestyle
interventions for diabetes by creating competing treatment
demands and increasing the complexity of self-care [53,54].
However, our findings should be interpreted with caution due
to the limited explanatory power (Ré=20.14%, P=.02) and
require validation in larger studies before informing the design
of interventions. Future research should focus on identifying
effect moderators and developing individualized,
patient-centered DHIs that incorporate disease monitoring and
comorbidity management for those living with multiple
comorbidities (eg, cardiovascular disease, hyperlipidemia,
arthritis) rather than a“ one-size-fits-all” approach. The control
of confounding factorsisessential inintervention studies. Only
one of theincluded studies reported contamination, where both
the intervention and control groups received similar additional
treatments (eg, diabetes prevention program classes and weight
loss programs) [39]. The consideration and reporting of
confounding factors need to be addressed when designing future
DHls.

Implementation outcomes for DHIs among CalL.D populations
living with prediabetes are encouraging, despite high
heterogeneity (Table S5in Multimedia Appendix 1). Qualitative
datafrom 2 RCTsidentified key challenges, including language
barriers and delivery methods, in implementing DHIs and
emphasized the need to tailor interventions [34,43]. These
findings are consistent with those from a previous qualitative
systematic review, which emphasized the necessity to
incorporate cultural and linguistic perspectives into the design
and delivery of DHIsto enhance acceptability, appropriateness,
and accessibility for underserved populations [9]. Despite this
recognized importance, studies employing cultural adaptation
strategies remain limited.

In our review, we identified only 4 studies that integrated
cultural adaptations into DHIs, specifically involving Korean
Americans, Filipino Americans, and Spanish-speaking Latin
Americans [36,38,41,45]. Cultural adaptation in this context
refers to comprehensive modifications in content and delivery
methods, rather than merely translating language. One study,
for example, tailored its DHI for Filipino Americans by
incorporating cultural considerations into a mobile- and social
media—based program. This included, but was not limited to,
how to make healthier Filipino meals, providing aFilipino food
guide, and promoting indoor and outdoor activities that reflect
Filipino culture [38]. Our findingsindicated that studies varied
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in both the use of cultural adaptation and the specific strategies
employed, which may contribute to the observed heterogeneity
in HbA,. outcomes. Although subgroup analyses were not
feasiblewith only 2 RCTsemploying diverse culturally adapted
approaches, theidentified strategies provide potential directions
for a future intervention design. Evidence supports a tailored
approach to the development of information, resources, and
interventions for CaLD populations to leverage community
resources and expertise and ensure interventions are accessible
and relevant to CaLD communities [55]. Researchers and
clinicians need to be aware of the importance of creating
information, resources, and interventionsthat are both accessible
in terms of language and comprehension and are culturally
relevant. Cultural adaptation requiresamultilevel approach that
simultaneously addresses language, socia structures, and
practical cultural elements.

Implicationsfor Future Research

Severa knowledge gaps need to be addressed in future research.
More rigorous research is needed not only to validate the
effectiveness of DHIs but also to understand how DHIs can be
optimally designed and implemented across diverse populations
[37,39,40]. While our review found that most studies (n=13,
92.9%) employed integrated digital approaches, thereisaneed
for future research to consider person-centered and culturaly
tailored content in addition to focusing on the impact of digital
delivery modes. Further research should examine how contextual
factors such asgender, age, and comorbidity influence outcomes
[34,35]. Additionally, more research is needed to understand
how various cultural adaptation strategies impact the
effectiveness and implementation of interventions. This will
help identify which components are most effective for managing
prediabetes.

Thereisalsoacritical need to optimize participant engagement
strategies, including recruitment methods, duration of DHIs,
and follow-up periods, to improve recruitment, completion, and
adherence and further enhance the reliability of research
findings. Notably, although thisreview aimed to include people
of all ageswith prediabetes, all the included studiesfocused on
adults (=18 y), highlighting a research gap in interventions
designed for children and young people living with prediabetes.
Future research should prioritize the devel opment and evaluation
of culturally adapted DHIs acrossthe entire lifespan, particularly
for pediatric and adolescent populations, where prediabetes
prevalence has reached alarming levels globally and intensive
lifestyle modification is critically needed [56].

Strengths

The strengths of this review included the use of rigorous
systematic review and meta-analysis guidelines, separate
meta-analyses for RCTs and pre-post studies, the restricted
maximum likelihood method for robust random-effects anal yses,
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comprehensive heterogeneity exploration through subgroup
analyses and meta-regression, leave-one-out sensitivity analyses
to assessrobustness, atrim-and-fill method for publication bias
to ensure reliability, the inclusion of both effectiveness and
implementation metrics, and a SoF table to assess the certainty
of evidence.

Limitations

Our review also has several limitations. The high heterogeneity
(12>75%) and predominantly low-to-very low GRADE certainty
substantially limit the interpretability of our findings, which
should be considered preliminary and require validation through
larger, higher-quality studies. Lack of blinding in the included
RCTs may have introduced performance bias. However, the
objective nature of our effectiveness outcomes (eg, HbA ., FPG)
and implementation outcomes (eg, retention rates) helps limit
measurement bias. Despite our comprehensive, age-inclusive
search strategy, no eligible studies were identified targeting
children and adolescents from CALD backgrounds, revealing
acritical evidence gap in thisfield. Additionally, most studies
were conducted in high-income countries, limiting
generaizability to low-resource settings where CalD
populations may face different barriers to health care access
and technology adoption. Finaly, HbA,. endpoint data from
the Swedish arm of a multicenter RCT [43] were not directly
reported in the published article. We obtained the original data
file (STATA format) from the clinical trial registry and
contacted the corresponding author for verification. Means and
standard deviations from the original data were calculated for
meta-analysis, following Cochrane guidelines on using the
available and reliable original data. The results should be
interpreted with caution.

Conclusions

This systematic review and meta-analysis suggests that DHIs
may be effective in improving glycemic control; however, the
low certainty of the evidence indicates that there may be
variationsin the true effects, and the impacts on FPG and body
weight remain uncertain. The observed heterogeneity may be
attributed to differences in duration of DHIs, control type, and
comorbidity status, with significant effects observed at the
6-month follow-up time point. Trim-and-fill analysis for
publication bias indicated no missing studies and unchanged
effect estimates. Implementation metrics showed promising
results, with high uptake and engagement among Cal.D
populations with prediabetes. Future research employing
rigorous RCT designs, consideration of contextual factors in
intervention design and implementation, and the prioritization
of person-centered, culturally tailored content for diverse
populations across different geographical locations is needed
to enhance the evidence base.
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Abstract

Background: Closed-loop insulin delivery is the new standard of care for patients with type 1 diabetes (T1D). However, in
France, its implementation remains predominantly hospital based. Expanding access to this treatment through alternative care
models looks essential.

Objective: This study (cost-effectiveness analysis) compares 2 care models for people with T1D implementing a closed-loop
system in France: outpatient care in the Inter-Regional Center for Automated Insulin in Diabetes (CIRDIA) and inpatient care.

Methods: We conducted a cost-effectiveness analysis using retrospective observational data from individuals with T1D aged
16 years and older from the implementation of the closed loop to a 12-month follow-up either in the CIRDIA (CIRDIA group)
or inahospital center setting (hospital center [HC] group). The cost analyses were based on patient records and public databases:
the French Medical Information Systems Program and the French General Nomenclature of Professional Acts. Closed-loop
efficacy was assessed using atime in range (TIR) of 70 to 180 mg/dL, and closed-loop safety was assessed using the glycemia
risk index (GRI), asingle indicator that represents the risk of hypoglycemia or hyperglycemia and ranges from O (minimal risk)
to 100 (maximal risk).

Results: A total of 201 patients were included: 128 in the CIRDIA group and 73 in the HC group. The mean (SD) age was 43
(14) yearsand 46 (15) years, respectively. Mean (SD) baseline TIR was 52.9% (16%) in the CIRDIA group versus 65.9% (15.1%)
in the HC group (P<.001), whereas mean (SD) baseline GRI was 56.4 (21) in the CIRDIA group versus 37.8 (19.8) in the HC
group (P<.001). After 12 months, both groups achieved similar efficacy and safety outcomes with a mean (SD) TIR at 72.7%
(11.6%) in the CIRDIA group versus 71.9% (10.5%) in the HC group, and amean GRI at 30.1 (14.1) versus 30.3 (13), respectively.
There were no significant between-group differences (P=.60 for TIR; P=.91 for GRI). However, the CIRDIA was associated
with significantly lower management costs with a mean cost of €8373.12 (SD €427.30; €1=US $1.10 at the time of the study)
per patient in the CIRDIA group versus €8814.32 (SD €192) per patient in the HC group (P<.001). The estimated saving was
€626 per percentage point of increasein TIR and €2011 per point of reduction in GRI, indicating that the HC closed-loop initiation
was dominated by the CIRDIA. The CIRDIA wasless costly than HC in 8600 (86%) out of 10,000 simulationsin a probabilistic
sensitivity analysis.

Conclusions: These findings suggest the potential of the CIRDIA to represent a viable alternative organizational model for
closed-loop initiation in France, achieving comparable effectiveness at lower cost in our population. Further research with longer
follow-up iswarranted. From apolicy perspective, the resources saved could be at least partly reallocated to support out-of-hospital
closed-loop initiation centers.

(JMIR Diabetes 2026;11:€86690) doi:10.2196/86690
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Introduction

Background

Diabetes is a chronic disease characterized by persistent
hyperglycemia, resulting from either a relative or absolute
deficiency in insulin secretion or an impairment initsaction. It
represents a major public health chalenge because of its
increasing prevalence, its impact on patients’ quality of life,
and the substantial economic burden on health care systems|[1].
Asof 2024, 588.8 million adults (aged 20 - 79) worldwidewere
living with diabetes, a number projected to increase to
approximately 853 million by 2050 [2]. In France, more than
4.5 million people are living with diabetes [3]. Among the
different forms of diabetes, type 1 diabetes (T1D) is an
autoimmune disease that is often diagnosed in children,
adolescents, or young adults. Overall, about 7.4 million people
are living worldwide with T1D, and in France, T1D accounts
for approximately 320,000 individuals[3]. The management of
T1D requires lifelong insulin therapy, frequent or nowadays
continuous glucose monitoring (CGM), and structured patient
therapeutic education [4]. Over the past decades, technological
advances have progressively transformed diabetes care from
multiple daily injections to externa insulin pumps and
subsequently to CGM, enabling the real-time tracking of
glycemia [5]. These innovations have paved the way for the
development of closed-loop (CL) systems, which integrate a
glucose sensor, an insulin pump, and an adaptive control
algorithm [5].

Prior Work

While numerous studies have established the clinical benefits
of CL systems on glycemic outcomes, evidence on the models
of carefor their initiation and follow-up remainslimited [6-10].
The recent reimbursement of CL systems in France, and the
relative novelty of studying organizational rather than purely
clinical outcomes, may explain this evidence gap [11].

In France, approximately 2 years after the first reimbursement,
only about 15,000 eligible patients had received CL
systems—roughly a 5% coverage—despite the benefits for
glycemic control [12]. Thislow rateis partly attributable to the
centralization of CL initiation in hospital-based clinics, where
waiting times are often long [13].

The Inter-Regional Center for Automated Insulin in Diabetes
(CIRDIA) was developed in 2023 mainly to improve accessto
CL among persons with T1D. The CIRDIA is a multisite CL
initiation center regrouping highly trained diabetol ogists, mostly
in private practice. The CIRDIA—Ilike hospital-based CL
initiation centers—is based on the guidelines of the
French-Speaking Diabetes Society (SFD) [4]. However, asthis
isanew concept of carein France, its cost-effectiveness had to
be evaluated and compared to usual hospital-based care.

Study Objectives
Evidence on the cost-eff ectiveness of alternative organizational
modelsof CL initiation, such as out-of-hospital—based pathways,

remains scarce. This raises the question of whether initiating
CL systems in out-of-hospital settings, such as the CIRDIA,
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could represent a cost-effective aternative to hospital center
(HC)—based initiation.

This study aimed to estimate the 1-year cost-effectiveness of
CIRDIA-based CL initiation compared to HC-based initiation
among patients with T1D in France from a French National
Health Insurance perspective. We hypothesized that
out-of-hospital—based initiation could achieve comparable
effectiveness and safety while reducing costs. Evaluating this
organizational model could determine whether or not the
CIRDIA represents a viable alternative for the French health
care system and provide the data that may be transferable to
other health care systems worldwide.

Methods

Study Design

This is a cost-effectiveness analysis based on retrospective
observational data collected between 2023 and 2024 with a
12-month follow-up as part of the routine monitoring of patients
with T1D initiating CL in France. We compared 2 modes of
health care delivery: the CIRDIA setting and the HC setting.
The cost-effectiveness analysis compared the net monetary costs
of hedth care intervention with a measure of its clinical
effectiveness.

Accordingly, the eval uation was conducted from the perspective
of the French National Health Insurance (Assurance Maladie),
considering all costs covered by the payer, with a 1-year time
horizon. No modeling was conducted, as al analysesrelied on
real-world data extracted from patient records (follow-up
consultations) and public databases: the Agency for Information
on Hospital Care and the French Health Insurance [14].

Recruitment

The study included persons living with T1D, 16 years of age
or older, starting for the first time a CL system. Patients with
missing continuous glucose monitoring data were excluded.
Participants were allocated to 1 of the 2 groups based on their
care pathway: those managed directly by the CIRDIA center
(CIRDIA group) and thoseinitiated and followed by the hospital
center outpatient clinic (HC group). The 2 models of care were
mutually exclusive and could not be used simultaneously.

Participants from the CIRDIA group were consecutive patients
who started CL between May 2, 2023, and March 30, 2024, and
had at least a 12-month follow-up. Devices (insulin pump,
infusion sets, insulin reservoirs, and glucose sensors) were
provided by different home health care providers, asit is the
rule in France. Registered nurses specialized in diabetes care
and working for home health care providers are usualy
responsible for the technical education of the patient and
connectivity issues. Participants in the HC group had CL
initiated in 2023 or 2024 in 1 of the 5 HCs located in the north
of France (“Haut-de-France” region) and were the patients for
whom devices and technical education were provided by
Santelys, a nonprofit organization acting as a home health care
provider.
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Ethical Consider ations

This study used retrospective observational data collected as
part of the routine monitoring of persons with T1D managed
on CL therapy. No additional intervention occurred beyond
usua care. All data were fully anonymized before analysisin
accordance with the General Data Protection Regulation. No
patient could be identified directly or indirectly [15]. In line
with current regulations regarding research not involving human
persons, no specific ethics committee approval was required
[16].

All participants had received oral and written information at
the time of CL initiation about the potential use of their
anonymized clinical datafor research purposes. Written consent
or non-opposition was obtained in accordance with French data
protection and ethical regulations. This study complied with
the principles of the Declaration of Helsinki and relevant
national guidelines regulating the secondary use of health data.

Interventions

The CIRDIA is a new concept in France of a multisite health
caremodel that performs CL initiation most often during along
(about 1 h) office visit or occasionally during a day
hospitalization (DH) outside of university hospitals. Its activity
complieswith the position statement issued by the SFD and the
French National Health Authority (HAS) [17]. The main
objective of the CIRDIA isto expand accessto care for people
living with T1D while reducing the burden on HC. Furthermore,
initiating CL systemsin the out-of-hospital sector isconsidered
a strategic lever to support the sustainability of out-of-hospital
diabetes care. Nevertheless, since CL initiation is predominantly
performed in hospital settings, hospital-based careis considered
the reference strategy. The out-of-hospital sector initiation
remains underdevel oped and must demonstrateits effectiveness.

In the CIRDIA arm, CL initiation was usually followed by 3
teleconsultations and 3 consultations over 1 year. For some
patients (those initiated after January 1, 2024), an additional
3-month telemonitoring period could be implemented. In the
HC arm, CL initiation was carried out during DH, followed by
3teleconsultationsand 3 follow-up visits, coupled with 3 months
of telemonitoring for patientsinitiated after January 1, 2024. In
both settings, CGM data were available for the diabetol ogist
(or the diabetes care team) to optimize patient adherence to the
device[18].

Efficacy and Safety Inputs

Because CL initiation and the 1-year time horizon did not affect
mortality or lifespan, we selected an alternative measure for
effectiveness. However, dueto incomplete dataon comorbidities
and complicationsin 1 of the 2 study arms (HC), adverse events
could not beincluded inthe analysis. Instead, effectivenesswas
assessed by improvement in the time in range (TIR) 70 - 180
mg/dL, while safety was assessed through a reduction in the
glycemiarisk index (GRI). The GRI is a composite metric that
reflects both hypoglycemia and hyperglycemia risks by
integrating the time spent below range (<54 mg/dL and 54 - 69
mg/dL) and the time spent above range (181 - 250 mg/dL and
>250 mg/dL). Notably, athough hemoglobin A, is frequently
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used as an efficacy outcome in similar studies, it is no longer
systematically measured during routine consultations [19].

Cost Inputs

We conducted the economic eval uation from ahealth care payer
perspective, including all direct medica and nonmedical
expenses reimbursed by the French National Health Insurance,
expressed in eurosfor theyear 2024. Costswere estimated using
a bottom-up micro-costing approach, which is considered the
gold standard in health technology cost assessment according
to HAS recommendations. Because T1D belongs to the list of
fully covered diseases by the French National Health Insurance,
no out-of-pocket expense was considered. Moreover, because
the time horizon was limited to 1 year, no discount rate was
applied. Cost componentswereidentified and calculatedinline
with the HAS and SFD recommendations [20,21].

Outpatient procedures and consultations were valued according
to the prices from the Genera Classification of Professional
Actsand the Common Classification of Medical Acts. Biological
analyses were valued according to the Common Nomenclature
of Medical Biology Acts. In addition, CL-related costs were
valued in accordance with the List of Products and Services of
the French National Hedlth Insurance. The cost of DH was
calculated using the Homogeneous Group of Patients with the
principal diagnosis code Z451 (“Adjustment and maintenance
of an infusion pump”), associated with the Hospital Stay Tariff
1794, based on prices provided by the Agency for Information
on Hospital Care [22-26].

Incremental Cost-Effectiveness Ratio

The results of a cost-effectiveness analysis were expressed in
termsof incremental cost-effectivenessratios (ICERs) and were
calculated astheratio of incremental coststo incremental health
outcomes between the 2 groups. Specifically, ICERs were
expressed asthe additional cost per percentage point of increase
in TIR and per unit of reduction in the GRI. In line with
International Society for Pharmacoeconomics and Outcomes
Research recommendations, negative | CERs were interpreted
as situations of dominance or dominated strategies rather than
reported as such. A strategy was considered to be dominated if
it was more costly and less effective or more costly and equally
effective. We designed, conducted, and reported this evaluation
in accordance with the CHEERS (Consolidated Health
Economic Evaluation Reporting Standards) guidelines [27].

Sensitivity Analysis

Asthis study was based on real-world observational datarather
than modeled parameters, some uncertainty may still arise from
the data, potentially leading to biased estimates. According to
theInternational Society for Pharmacoeconomicsand Outcomes
Research [28], deterministic sensitivity analysis was not
applicable in this context. Instead, robustness was explored
through subgroup analyses and through a probabilistic sensitivity
analysis (PSA) to test whether the conclusions of the base-case
analysis held under parameter uncertainty. A PSA was
performed using 10,000 Monte Carlo simulations in which all
parameters were varied simultaneously. Parameter values were
sampled from predefined probability distributions: truncated
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normal for efficacy and safety outcomes (bounded between 0
and 100) and gamma for costs [28].

Statistical Analysis

Data were collected using Excel (2016, Microsoft Inc.), and
statistical analyseswere performed with the R software version
4.4.2 (2024). Means and SDs were calculated for quantitative
variables. To verify comparability between the groups, we
conducted a Shapiro-Wilk test to check the normality of our
variables. For normally distributed variables, we used a2-tailed
Student t test, and for non-normally distributed variables, the
Wilcoxon signed-rank test was used. Thethreshold for statistical
significance was set at P<.05.

Napame et al

Results

Overview

Overall, 201 patients aged 16 to 80 years were included in this
study, including 128 CL initiations by the CIRDIA and 73 by
HC. Baseline characteristics of the 2 groupsare shownin Table
1. Themean age of patientsinitiated at CL by the CIRDIA was
43 (SD 14) years and 46 (SD 15) years for the HC arm. The
gender distribution was 52% (n=66 and n=38) women and 48%
(n=62 and n=35) men in both arms, and the average BM| was
275 (SD 4.9) and 27.2 (SD 5.2) kg/m?, respectively. In the
CIRDIA arm, only 17 (13%) CL initiations were performed
during DH, while the remaining initiations were conducted
during 1-hour office visits.

Table. Baseline characteristics of the patientsincluded in the study by group (CIRDIA®?vs HCb).

Parameters CIRDIA (n=128) HC (n=73) P value (t test/Wilcoxon test)
BMI (kg/m?), mean (SD) 27.5(4.9) 27.2(5.2) 71
Weight (kg), mean (SD) 78.5(14.8) 79.8 (15.3) 55
Height (cm), mean (SD) 169 (7.9) 171 (9.3) .048
Gender, n (%)
Men 62 (48) 35 (48) .95
Women 66 (52) 38 (52) _c
Ageclass (y), n (%)
<25 13(10.2) 7(11) —
25-45 60 (46.9) 27 (37) —
45-65 46 (35.9) 31 (42.5) —
>65 9(7) 7(9.6) —
Age (y), mean (SD)
At pump initiation 34 (15) 45 (15) <.001
At closed-loop initiation 43 (14) 46 (15) 15
Pump model, n (%)
Medtronic 780G (with Guardian 99 (77) 67 (92) —
4 sensor)
“Control 1Q” (Tandem Slim2X 17 (9) 6 (8) —
pump, Dexcom G6 sensor)
“CamAPS’ (Y psopump, Dexcom 12 (13) — —
G6 sensor)
Baseline glucose control, mean (SD)
TIRY (%) 52.9 (16) 65.9 (15.1) <001¢
Grif 56.4 (21) 37.8(19.8) <.001¢

8CIRDIA: Inter-Regional Center for Automated Insulin in Diabetes.
byc: hospital center.

®Not applicable.

4TIR: timein range 70-180 mg/dL.

®Wilcoxon test values.

fGRI: glycemiarisk index.
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Efficacy and Safety Outcomes Figure 1illustrates the changesin the ambul atory glucose profile
from baseline to 1 year after initiation.
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Figure 1. Ambulatory glucose profile for both comparison arms (A: CIRDIA group, B: hospital centers group) at baseline (M0) and after 3 months
(M3), 6 months (M6), and 12 months (M12) of closed-loop use. AGP: ambulatory glucose profile; CIRDIA: Inter-Regional Center for Automated
Insulin in Diabetes; TAR: time above range; TBR: time below range; TIR: timein range.
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Figure 2 presents GRI grids showing glycemic risk zones over
the same period (zone A: minimal hypo- or hyperglycemiarisk;
zone E: maximal hypo- or hyperglycemia risk). At baseline,
79% (101/128) of the patients from the CIRDIA group werein
the intermediate risk (zone C) or high-risk zones (zones D and

Napame et a

E). After 1 year on CL, only 21% (27/128) remained in these
GRI zones. Inthe HC arm, 34% (25/73) of the patientswerein
zones C, D, and E at baseline, and 25% (18/73) remained in
these zones after 1 year.

Figure 2. Glycemiarisk index (GRI) grids at baseline (M0) and 1 year after closed-loop initiation (M12). Upper grids. Inter-Regional Center for
Automated Insulin in Diabetes (CIRDIA) group; lower grids: hospital center (HC) group. Each participant is identified by a blue circle and their

identification number.
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Table 2 summarizesthe overall effectiveness and safety results
for the total population and according to age at inclusion. After
12 months, the mean (SD) TIR increased by 19.8 pointsin the
CIRDIA group (from 52.9% [16] to 72.7% [11.6]) and by 6
points in the HC group (from 65.9% [15.1] to 71.9% [10.5]).
Although baseline differences were significant (P<.001), no
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significant difference between groups was observed at 12
months (P=.60). The GRI decreased in both groups, by 26.3
pointsin the CIRDIA group, from 56.4 (21) to 30.1 (14.1), and
by 7.5 pointsin the HC arm, from 37.8 (19.8) to 30.3 (13). No
significant difference between groups was observed at 12
months (P=.91).

JMIR Diabetes 2026 | vol. 11 | 86690 | p.84
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES Napame et &

Table . Glycemic outcomes at baseline (M0) and 12 months (M 12) after closed-loop initiation for the total population and according to age class at

inclusion?,
Parameters CIRDIAP (n=128), mean  HCE (n=73), mean (SD) Pvalue
(SD)
Mo
TIR®
Total 52.9 (16) 65.9 (15.1) <.001
Ageclass (y)
<25 50.4 (11.4) 67.8 (14.7) 01
25-45 48.4 (15.6) 64.7 (16.7) <.001
45-65 57.6 (16.3) 65.8 (14) 02
=65 62.9 (14.2) 68.9 (14.2) 30
GRIf
Total 56.4 (21) 37.8(19.8) <.001
Ageclass (y)
<25 59.6 (16.9) 35.3(17.9) .007
25-45 63(20.7) 402 (22.1) <.001
45-65 50.2 (20.1) 36.6 (17.7) .002
=65 39.3(16.6) 36.7 (24.3) 70
M129
TIR
Total 72.7 (11.6) 71.9 (10.5) 60
Ageclass (y)
<25 70 (11.8) 77.9 (11.8) 20
25-45 69.1 (11.7) 72(7.9) 20
4565 76.7 (10.6) 72.2(10.8) .09
=65 79 (6.2) 63.6 (14) .03
GRI
Total 30.1(14.1) 30.3(13) 91
Ageclass (y)
<25 33.6 (14.5) 235(15.1) 10
25-45 34.4(13.9) 29.7 (10.7) 12
45-65 25.3(13.1) 30.2 (13) 13
>65 21.2(7.4) 40.9 (15.3) .01

3/al ues were compared using the Wilcoxon rank sum test.
PCIRDIA: Inter-Regional Center for Automated Insulin in Diabetes.
CHC: hospital center.

dmo: closed-loop initiation.

®TIR: timein range 70 - 180 mg/dL.

fGRI: glycemiarisk index.

9M12: 12 months after closed-loop initiation.

Subgroup analyses reveded no datistically significant had higher TIR and lower GRI values (P=.03 and P=.01,
differences between the CIRDIA and HC at M 12, except among  respectively).
patients older than 65 years, for whom CIRDIA participants
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Costs Outcomes

We combined all cost items by type of procedure, year, and data

Napame et a

source. Costs are expressed in euros from the French National

Health Insurance perspective, and Figure 3 shows the mean

costs for both comparison arms and by subgroup.

Figure 3. Average costs per patient according to the care setting. €1=US $1.10 at the time of the study. CIRDIA: Inter-Regional Center for Automated

Insulin in Diabetes; HC: hospital centers.
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The total cost of CL insulin therapy management was
€1,077,231 (1 €=1.10 US $ at the time of the study) for 128
patients initiated in the CIRDIA, which was a mean cost of
€8373.12 (SD 427.3) per patient. Inthe HC group, thetotal cost
was €645,991 for 73 patients, which was a mean cost of
€8814.32 (SD 192) per patient. Out-of-hospital—based
management was associated with significantly lower costs
(P<.001). All cost components are shown in Table Sl in
Multimedia Appendix 1.

https://diabetes.jmir.org/2026/1/e86690

XSL-FO

RenderX

Incremental Cost-Effectiveness Ratio

Thebase-case analysis, using mean parameter values, indicated
that the CIRDIA was less costly while achieving comparable
effectiveness and safety to HC. This situation corresponds to
dominance, with an estimated saving of €626 per additional
percentage point of TIR and €2011 per point reduction in GRI,
indicating that CL initiation in HC isdominated by the CIRDIA.
The detailed results are presented in Table 3.
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Table. Base-case cost-effectiveness and cost-safety results.

Napame et al

Parameters CIRDIA? HCP
Costs per patient (€9 8373.12 8814.32
Incremental costs (€) -441.20 N/AY
Mean efficacy (TIR®) 72.65 71.95
Incremental efficacy (increasein TIR) 0.70 N/A
Mean safety (reduction in GRI") 30.11 30.33
Incremental safety -0.22 N/A
ICERY -625.83 N/A
ICSR" 2011.02 N/A

8CIRDIA: Inter-Regional Center for Automated Insulin in Diabetes.
bHc: hospital center.

®€1=US $1.10 at the time of the study.

IN/A: not applicable.

®TRI: timein range.

fGRI: glycemiarisk index.

91CER: incremental cost-effectiveness ratio (based on the increase of timein range).
PICSR: incremental cost-safety ratio (based on the decreased of glycemiarisk index).

Sensitivity Analysis

In the PSA (10,000 simulations), the CIRDIA was less costly
in 8600 (86%) of the cases. Strong dominance (less costly and
more effective) was observed in 4340 (43.4%) of the
simulations, while in 4270 (42.7%) of the simulations, the
CIRDIA was less costly but less effective. The probability of

being more or less effective was generally consistent with the
base-case results. Only 1400 (14%) of the simulations placed
the CIRDIA inamore costly position, being either |ess effective
(n=700, 7.0%) or more effective (n=690, 6.9%). The scatter
plot of the incremental cost-effectiveness planeis presented in
Figure4.

Figure 4. Probabilistic sensitivity analysis of 10,000 Monte Carlo simulations using glycemia risk index (GRI) (A) or time in range (TIR) (B)
Inter-Regional Center for Automated Insulin in Diabetes (CIRDIA). €1=US $1.10 at the time of the study. ICER: incremental cost-effectivenessratio.

Monte Carlo mean GRI

A

1000

Incremental cost (€)

-1000

-2000

0
Incremental safety [GRI)

@ CIRDIA arm ® ICER

https://diabetes.jmir.org/2026/1/e86690

RenderX

B Monte Carlo mean TIR

1000

Incremental costs (€)

-1000

-2000
40

0
Incremental efficacy (TIR)

® CIRDIA arm ® ICER

JMIR Diabetes 2026 | vol. 11 | 86690 | p.87
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES

Discussion

Principal Findings

Theaim of this study wasto assess the cost-effectiveness of CL
initiation by the CIRDIA and HC from a health care payer
perspective. We examined the relationship between initiation
modelsand theincreasein TIR or reduction in GRI and whether
or not an out-of-hospital CL initiation and follow-up can be
achieved in a cost-effective manner compared to the usual
hospital management. In our cohort, CL initiation through the
CIRDIA was associated with comparable TIR and GRI values
at 12 months compared to HC initiation (P=.60 and P=.91,
respectively), while being consistently less costly (P<.001),
although baseline TIR was lower and baseline GRI was higher
in the CIRDIA group. Sensitivity analyses further supported
these results, confirming that the CIRDIA generally remained
less costly than HC across awide range of parameter variations.

Prior Work

To our knowledge, this is the first cost-effectiveness analysis
comparing hospital-based and out-of-hospital CL initiation.
However, our findings are consistent with previous studies,
such as Bohme et a [29], which reported no significant
differencesin effectiveness between outpatient care and hospital
settingsin therapeutic education programsfor patientswith type
2 diabetes in France. Similarly, Cavassini et a [30] reported
that the outpatient management of gestational diabeteswasmore
cost-beneficial than hospital-based care in Brazil, underlining
the potential economic advantages of ambulatory strategies. In
the United Kingdom, Pulleyblank et a [31] also found that
treatment setting had a significant impact on costs in patients
with type 2 diabetes, with outpatient follow-up being less
resource-intensive than hospital-based management.

Moreover, recent studies have shown that transitioning to CL
reducesthe GRI at 1 year [32-34], which is consistent with the
trend observed in our cohort.

Strength

One magjor strength of this study isthe use of real-world French
data, but many published economic evaluations of CL systems
have so far relied mainly on modeled analyses conducted in the
United States and the United Kingdom. Furthermore, the use
of TIR and GRI as primary end points is relatively novel in
economic evaluations, alowing for theintegration of aclinically
relevant weighting of risk in the assessment of glycemic control
[19,35].

Finally, sensitivity analyses and subgroup explorations provided
additional insightsinto the robustness of our results, supporting
the finding that CIRDIA and HC achieved broadly comparable
outcomes in terms of TIR and GRI, whereas at baseline, TIR
was lower and GRI higher in the CIRDIA participants. This
also underlines that prior to CL initiation, patients followed in
out-of-hospital settings do not have better glucose control than
those followed in hospital centers, at least in our population.

Limitations
This study has several limitations.

https://diabetes.jmir.org/2026/1/e86690
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First, the relatively smal sample size limits the
representativeness of the study population and, consequently,
the robustness of the conclusions.

Second, there was an imbal ance in baseline efficacy and safety
outcomes between groups, which could have led to selection
bias. To address this, we performed inverse probability of
treatment weighting to adjust for sociodemographic
characteristicsaswell as baseline efficacy and safety measures.
After weighting, the cost advantage of the CIRDIA was
maintained, and the results on effectiveness and safety suggested
a potential benefit, although these should be interpreted
cautiously given the limited sample size (data not shown).
However, the patients who chose to start CL therapy in the
CIRDIA setting might be different from the patients from the
HC group in terms of prior education or other characteristics.
A prospective study with better characterizations of theseitems
will be needed.

Third, the 1-year time horizon restricts the evaluation to the
short term and does not alow assessment of long-term
effectiveness or costs, although this choice was justified by the
specific objective of analyzing the initiation phase of CL.

Fourth, because the costs were assessed using French Health
Insurance (Assurance Maladie) rates, the results may not be
generalizable to other health care systems. However, this study
suggests that CL initiation in an outpatient setting is feasible,
safe, and probably less expensive than the inpatient setting,
regardless of the health care system.

Fifth, we cannot exclude abiasin the recruitment of HC patients
asit is possible that the patients sent to Santelys home health
care provider by the hospital teams might have adifferent (here
better) control compared to other HC patients. However, as
patients are from 5 different hospitals, it is unlikely that this
happened in all of the hospitals.

Finally, missing information on complications and comorbidities
inthe hospital arm may have led to an underestimation of certain
costs (eg, retinopathy-related tests), although this does not
appear to alter the overall trend observed.

Nevertheless, the data from the French Closed-Loop
Observatory (OB2F) indicatethat outpatient initiation is already
widespread, reinforcing the relevance of investigating this
organizational model [18].

Conclusion

This cost-effectiveness analysis compared 2 models of CL
initiation for patients with T1D: a conventional hospital-based
model and an out-of-hospital—based model supported by the
CIRDIA.

Although baseline TIR was |ower and baseline GRI was higher
in the CIRDIA out-of-hospital setting compared to the HC
setting, our results showed no significant differencesin efficacy
or safety outcomes between the 2 approaches. However, the
CIRDIA setting was associated with lower management costs.
While the patients who choose to initiate a CL system in the
CIRDIA setting are probably not the same as the patients who
choosetoinitiate CL in hospitals, these real-life findings suggest
that the CIRDIA may represent a viable alternative
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organizational model for CL initiation in France, asit combines
efficacy and savings.

Future research should assess whether these results hold over
longer time horizons (eg, 5 or even 10 y) and from broader
perspectives, such as a societal perspective that incorporates
quality of life and indirect costs. Such work would enable
cost-utility analyses to complement our cost-effectiveness

Napame et al

From a policy perspective, the resources saved through
out-of-hospital CL initiation could be reallocated to
organizations such asthe CIRDIA, which bring together highly
trained diabetol ogists and uphold high-quality standards. This
would allow persons living with T1D to choose their CL
initiation setting, ensure early access to new technologies, and
benefit the overall health care system through a cost-effective
model.

findings.
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Abstract

Background: The 75-g oral glucose tolerance test (OGTT) remains the optimal diagnostic test for use in pregnancy but needs
to be performed in the clinical setting. The GTT@home OGTT device offers the potential to enable patients to perform the test
at home using capillary blood samples.

Objective: This study aimed to determine the accuracy of the GTT@home device compared to the routine National Health
Service laboratory reference method using blood samples during an OGTT from pregnant women at high risk of developing
gestational diabetes mellitus (GDM).

Methods: A total of 65 women (aged >18y), at high risk for GDM (per the National Institute for Health and Care Excellence
guidelines) were recruited for this performance evaluation. Following an overnight fast, participants went for a 75-g OGTT.
Fasting and 2-hour capillary glucose levels were measured using the GTT@home device with corresponding venous samples
measured in the laboratory.

Results: The complete datafor analysis was available for 61/65 devices. The overall bias for the GTT@home device was +0.16
mmol/L. Correlation analysis of the clinical performance of the two methods using a surveillance error grid showed 79.8% of
results in the lowest, 16.9% in the “dlight, lower” and 2.4% in the “dlight, higher” risk categories. Only 0.8% were “moderate,
lower” risk, and nonewerein any higher risk categories. There was agreement in the classification in 54/61 cases. The GTT@home
device under-classified 2 cases and over-classified 5 cases.

Conclusions: The GTT@home device worked well in a controlled, antenatal clinical setting. Differences in classification
observed were generally dueto small differencesin glucose values closeto the diagnostic cut-offs. The GTT@home device shows
promise for home testing of glucose tolerance in pregnant women.

(JMIR Diabetes 2026;11:€69695) doi:10.2196/69695

KEYWORDS
device; diagnosis; gestational diabetes;, OGTT; glucose; oral glucose tolerance test

Unlike diabetes mellitus in the genera population, where the
2-hour 75-g OGTT has largely been superseded by the
glycosylated hemoglobin level for diagnosis, the OGTT carried

Introduction

Gestational diabetes mellitus (GDM) is a common metabolic

disorder occurring in up to 10% of pregnanciesin the Western
world [1]. Most women with GDM are asymptomatic, and
therefore, it is important to screen, diagnose, and manage the
condition, asit is associated with an increased risk of maternal
and perinatal complications such as pre-eclampsia, macrosomia,
shoulder dystocia, and neonatal hypoglycemia. In the United
Kingdom, inlinewith the National Institutefor Health and Care
Excellence (NICE) guidelines, women with ahigh risk of GDM
areoffered a75-g ora glucosetolerancetest (OGTT) at 24 - 28
weeks gestation [2], with plasma glucose levels = 5.6 mmol/|
or 2-hour plasma glucose levels = 7.8 mmol/l being diagnostic
of GDM.

https://diabetes.jmir.org/2026/1/e69695

out in a clinical setting is still the optimal test for use in
pregnancy. The glycosylated hemoglobin level isnot sufficiently
sensitive to substitute for the OGTT as a screening test, due to
the variations in red blood cell turnover seen in pregnancy.
However, during the COV1D-19 pandemic, changesto diagnosis
of GDM wereforced on maternity services, with diagnosisbeing
determined by the measurement of either glycosylated
hemoglobin or a single fasting or random plasma glucose
sample. A retrospective study of prospectively collected data
[3] has shown that using the Royal College of Gynecologists
COVID-19 Gestational Diabetes screening guideline failed to
detect 47 of 82 (57%) women subsequently identified with
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GDM and therefore could not be recommended for general use.
A scoping review of the guidelines and diagnostic studies
evaluating the recommended testing strategies [4] concluded
that the OGTT remains the most effective test to identify
abnormal glucose tolerance in pregnancy.

In practice, pre-analytical processing of blood samples can affect
plasma glucose concentrations due to continuing glycolysis by
red cells prior to centrifugation [5-11]. The American Diabetes
Association and American Association of Clinical Chemistry
recommend that samples for plasma glucose measurement
should be collected into sodium fluoride tubes and placed in an
ice-water durry prior to centrifugation within 30min [12,13].
If adelay in centrifugation is anticipated, citrate tubes should
be used as citrate more rapidly inhibits glycolysis [12,13]. In
routine clinical practice, thisisrarely carried out, which could
affect the diagnosis of GDM.

The GTT@home OGTT deviceis an €l ectronic device that has
the potential to enable patientsto perform an OGTT from home
using capillary blood samples. In non-pregnant women, the
GTT@home device has been previously shown to be easy to
use, reliable and demonstrated excellent agreement with the
results obtained from areference laboratory analyzer (Y Sl 2300
stat Plus) [14]. It now needsto be established how results from
this device compare with results obtained conventionally from
an OGTT in women at risk of GDM. In this study, glucose
concentrations during an OGTT were tested with fresh blood
samples from women at risk of GDM in the United Kindgom
and compared to routine laboratory glucose concentrations.

Methods

Ethical Consider ations

Women gave written informed consent to take part in the study.
Ethical approval was obtained from Health Research Authority

https://diabetes.jmir.org/2026/1/e69695
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and Hedlth and Care Research Wales, Wales REC 6
(22/WA/0153). Patients or the public were not involved in the
design, or conducting, reporting, or dissemination plans of our
research. All participant datawere anonymized prior to analysis.
Participants received no compensation for taking part in this
study.

Participants

This performance eval uation study was carried out with women
presenting to the antenatal clinic at Neath Port Talbot Hospital
for aroutine 75-g OGTT at approximately 24 - 28 weeks of
gestation. Study participants (n=65) were female, aged >18
years, were at high risk for devel oping GDM according to NICE
guidelines (ie, previous macrosomic baby weighing >4.5 kg or
>90th centile, previous GDM, family history of diabetes
[first-degree relative with diabetes], or an ethnicity with ahigh
prevalence of diabetes). Participants were excluded if they were
unable or unwilling to give informed consent.

GTT@home Device

The Home OGTT devices were provided by Digostics Ltd
(Figure1). The device consists of 2 glucose dehydrogenase test
strips (0 and 2-h) with user activated buttons. Thetest procedure
was driven by an integral clock and timer, with audible and
visual prompts. Each single-use, disposable device was stored
in sealed packaging and opened immediately prior to use. The
device was activated by removing a protective cover over the
0-hour test strip (A) and the capillary blood sample being placed
on the test strip. Following consumption of the glucose drink,
the “set” button is pressed to begin the timer, and after 2 hours,
an audible alarm alerts the user to press “stop” and repesat the
sampling processwith the 2-hour test strip (B). A further audible
alarm confirms the test was complete. A detachable data
recorder is scanned, and the result automatically transferred to
a secure web-based database. No results are visible to the user.
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Figure 1. Example of the GTT@home device including user instructions. GTT: glucose tolerance test.
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Study Procedure

Participants attended the antenatal clinic at Neath Port Talbot
Hospital on one occasion having fasted for 8 hours. At time 0,
afinger prick blood samplewas collected using afinger pricking
device. The blood drop was applied to the 0 minutes (A) glucose
sensor on the GTT@home device. A venous blood sample (2
ml) was also taken for routine hospital laboratory analysis as
per usua practice (ie, the Roche Cobas enzymatic method).
Following the 0-min sample, a drink containing 75 g glucose
was given to the subject. At 2 hoursfollowing the glucose drink,
asecond finger prick and venous blood sample were collected.
The finger prick capillary blood was applied to the 2-hour (B)
sensor on the GTT@home device, and the venous blood was
sent to the routine hospital laboratory for blood glucose
measurement. Following the 2-hour sample, the participants
were alowed to leave the clinic.

The readings from the two sets of tests were generated
independently in different locations. Assessors were not able
to beinfluenced by prior knowledge of readings from the other
test. Clinical staff collecting the clinical information and
performing the GTT@home test were blinded to these results.

The GTT@home device readings were generated automatically
and were non-editable. Results were stored electronically on a
detachable data chip, scanned, and uploaded to a
password-protected database.

Data Analysis

Based on a GDM prevalence of 35%, to achieve the minimally
acceptable kappascore of 0.61, asamplesize of 65 patientswas
required to achieve 80% power and a statistical significance of
0.05.

Biaswas assessed using Bland-Altman plots of the GTT@home
device versus the routine hospital laboratory method [15].
Correlation of theclinical performance of the two methodswas
assessed using a surveillance error grid [16]. Agreement of the

Table. Demographic characteristics.

Dunseath et al

diagnoses generated using the GTT@home device and the
routine laboratory analyzer with the reference was assessed
using receiver operating characteristic curves (sensitivity and
specificity) and positive and negative predictive values [17].
Agreement between the readings was assessed using kappa
analysis for the whole OGTT, fasting, and 2-hour glucose
values. Patients were categorized as having normal glucose
tolerance or being intolerant (0 or 1).

The study classified the status of glucose tolerance according
to the NICE criteria [1] with glucose intolerance defined as a
fasting plasmaglucoselevel >5.6 mmol/l and/or a2-hour plasma
glucose level 27.8mmol/l.

Results

The mean (SD) age of participants was 29.6 (4.8; range 19-41)
years, and the mean (SD) BMI was 32.8 (7.6; range 16.5-54.7)

kg/m? (Table 1).

Results from 4 participants were not included in the final
analysis: two devices reported only fasting glucose values, one
device reported no results, and one patient experienced nausea,
so the venous sample was not collected.

The bias of the GTT@home device compared to the routine
laboratory method is shown in Figure 2. For fasting plasma
glucose, the bias (lower/upper limit of agreement) was 0.01
(-1.13/1.15) mmol/L; a 2 hours, it was +0.31 (-1.84/2.46)
mmol/L; and for al results, the bias was +0.16 (-1.57/1.89)
mmol/L.

Correlation of the clinical performance of the two methods is
shown in Figure 3 using a surveillance error grid. A total of
79.8% of results were in the lowest risk category (“none’),
16.9% in the “dlight, lower” risk category, and 2.4% in the
“dlight, higher” risk category. Only 0.8% werein the“moderate
lower” risk category, and there were no results in any of the
higher risk categories.

Demographic characteristic Mean (SD) Range
Age(y) 29.6 (4.8) 19.0-41.0
Height (m) 1.64(0.1) 1.53-1.83
Weight (kg) 89.3(23.1) 40.0-148.0
BMI (kg/m?) 32.8(7.6) 16.6-54.7

https://diabetes.jmir.org/2026/1/e69695

JMIR Diabetes 2026 | vol. 11 | 69695 | p.96
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES Dunsezath et a

Figure 2. Biasof the GTT@home device. The blue circles indicate fasting levels, while the orange circles indicate the levels after 2 hours.
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Figure 3. Surveillance error grid (SEG).
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Cross-tabulation of overall classification (combined fasting and
2 h) is shown in Table 2. There was overall agreement in
classification in 54 out of 61 cases. The GTT@home device
under classified 2 cases and over classified 5 cases. Of these
small number of different classifications, the majority were
closeto the diagnostic threshol ds, with one-third fasting plasma
glucose results and two-third 2-hour results within 0.2 mmol/L
of the respective cut-offs.
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Receiver operating characteristic curves are shown in Figure 4,
and positive and negative predictive values in Table 3. The
AUC, sensitivity and specificity using receiver operating
characteristic analysis for fasting glucose was 0.947, 0.75 and
0.966, respectively, and those for the 2-hour glucose were 0.932,
0.4 and 0.929, respectively. The kappa statistic for the
GTT@home device compared to routine laboratory
measurement was 0.457 (0.641 for fasting values and 0.301 for

JMIR Diabetes 2026 | vol. 11 | e69695 | p.98
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES

Dunseath et al

2-h values). The diagnosis of glucose intolerance using both  0.44 and negative predictive value of 0.96.
OGTT concentrations showed a positive predictive value of

Table. Cross tabulation.

GTT@home device Total
NGT? GbmP
Overall
Laboratory NGT 50 5 55
GDM 2 4 6
Total _c 52 9 61
kappa 0.457
Fasting
Laboratory NGT 57 2 59
GDM 1 3 4
Total — 58 5 63
kappa 0.641
2-hour
Laboratory NGT 52 4 56
GDM 3 2 5
Total — 55 6 61
kappa 0.301

3NGT: normal glucose tolerance.

bGDM: gestational diabetes mellitus.
“Not applicable.
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Figure 4. Receiver operating characteristic (ROC) curves with sensitivity/specificity. (A) Fasting glucose (cut-off 5.6 mmol/L); (B) 2-hour glucose
(cut-off 7.8 mmol/L). FPG: fasting plasma glucose.
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Positive predictive value Negative predictive value
Overdl 0.44 0.96
Fasting glucose 0.6 0.98
2-hour glucose 0.33 0.95

Discussion

Principal Findings and Comparison With Previous
Works

In pregnant womeninaclinical setting, the GTT@home OGTT
device was compared with routine laboratory analysis of blood
glucose samples. The GTT@home device worked well with
relatively few failures. It showed a low bias (+0.16 mmol/L)
across the range of al glucose concentrations, and for both
fasting (+0.01 mmol/L) and 2-hour (+0.31 mmol/L) samples.
Comparison of the classification of glucoseintolerance between
the GTT@home device and measurement using conventional
laboratory glucose analysis showed small differences in the
numbers of participants in the glucose intol erance categories.

These small differences may well reflect the tolerance around
the different glucose analytical methods used. A previous study
in which samples were analyzed at five central laboratories
using four different automated glucose hexokinase methods
demonstrated that despite there being low bias in glucose
measurements across laboratories, the resulting GDM prevaence
ranged considerably from 30.0% to 41.1% across laboratories
[18]. Furthermore, even within the hospital clinical setting, the
turn-around time of glucose samples can impact the clinical
accuracy of laboratory measurements. Jangam et a [19]
observed that delays of 15 min or more reduced clinical accuracy
below 95%, and the accuracy was less than 65% for delays of
60 min. These processing delays in glucose measurements
reduced the clinical relevance of resultsin patients with type 1
diabetes and were likely to similarly degrade the clinical value
of measurements in other patient populations.

In community settings, pre-analytical issues and possible
degradation of samples during transfer to the laboratory can

severely affect the rates of diagnosis of GDM. Jamieson et a
[20] showed an underdiagnosis rate of 62% due to the impact
of long delaysin centrifugation for OGTT samplesin regional,
rural, and remote sites in Western Australia. Potter et al [11]
also showed that the variability in pre-analytic processing of
blood for glucose measurement during pregnancy OGT Tscould
affect the GDM diagnostic rates, observing an increase in the
rate of GDM from 11.6% to 20.6% by changing the processto
centrifuging blood collected into sodium fluoride tubes, within
10 minutes of venipuncture.

In the context of our study, the relatively poor kappa statistics
and positive predictive value score are likely to be due to the
low number of participants with GDM included in the study
cohort, small differences in glucose values close to the
diagnostic cut-offs, and possibly due to the narrow range of
glucose concentrationstested. In addition, pre-analytical issues
and possible degradation of samples during transfer to the
laboratory may also be responsible, as reflected by the device
classifying dlightly more individuals as having GDM than the
laboratory method.

Conclusions

The GTT@home device worked well in acontrolled, antenatal
clinical setting. Differences in classification observed were
likely dueto pre-analytical issues associated with the laboratory
tested samples. The GTT@home device therefore shows promise
for home testing of glucose tolerance in preghant women, in
addition to wider community use. Further insight into the
real-life usage of the devicewill be achieved with future studies
by comparing an at-home diagnosis using the GTT@home
device, performed by the OGTT recipient, within afew days of
aroutine in-hospital laboratory-measured OGTT.
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Abstract

Background: Existing qualitative research in peer support interventions has largely focused on the recipients of support rather
than those delivering support. Exploring the perspectives of both roles may provide a halistic understanding of the peer support
experience.

Objective: Thisstudy elicitsthe experiences of recipients and providers of support who participated in REACHOUT, a6-month
peer-led mental health support intervention delivered viamobile app for adultswith type 1 diabetes. REACHOUT offered multiple
support delivery modalities (one-on-one, group-based texting, and virtual face-to-face small group sessions) that could be
customized by recipients.

Methods: A total of 32 study participants (recipients and peer supporters) attended focus group discussions following the
completion of REACHOUT. Thematic analysis was performed in an inductive approach.

Results: Four major themes were identified by thematic analysis: (1) need for a sense of community and belonging, (2) factors
to enhance the recipient-peer supporter experience, (3) key aspects of the peer supporter experience, and (4) importance of
personalizing the user experience while using the REACHOUT mobile app. REACHOUT successfully fostered connectedness
by bringing together adults with type 1 diabetes who previoudly felt isolated. Recipients felt greater agency when given the
opportunity to self-select a peer supporter. The main factors considered during the matching process included insulin delivery
and glucose monitoring systems, duration of diabetes, shared hobbies, life stage, and age. While support was designed to be
unidirectional from peer supporter to recipient, the former also derived benefits. Peer supporters expressed the need for greater
guidance around navigating boundaries and responding to emotionally charged conversations. Finally, the REACHOUT app was
able to accommodate a heterogeneity of support needs by offering one-on-one and group support across multiple communication
platformsincluding text, audio, and video.

Conclusions: The success of peer-led mental health support interventions such as REACHOUT is likely associated with the
recipient-peer supporter dynamic. By offering arange of support delivery and communication modalities, participants can better
personalize solutions to meet their unique support needs. Understanding the perspectives of both recipients and peer supporters
is essentia to refining interventions and optimizing digitally delivered mental health support models.

(JMIR Diabetes 2026;11:€72779) doi:10.2196/72779
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diabetes; mental health; mHealth; mobile app; mobile health; peer support; qualitative; thematic analysis; type 1; type 1 diabetes
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Introduction

Peer support isapromising self-management strategy to improve
emotional health in chronic illness care [1-4]. In the context of
diabetes, several systematic reviews of adults with diabetes
(both type 1 and type 2 diabetes) have found peer support
interventionsto be associated with improved clinical, behavioral,
and psychosocia (quality of life, perceived social support)
outcomes [5-8]. However, to better understand the processes
underlying these positive changes, it isimportant to explorethe
qualitative experience of giving and receiving peer support.

While qualitative research on peer support interventions has
focused largely on the experiences of those who receive support
[9-11], there has been a notable increase in studies focused on
the individuals who deliver support [12-19]. However, the
optimal model for understanding the peer support experience
isto explore the perspectives of both parties involved. To date,
there have been 4 qualitative studies that have investigated the
experiences of both recipients of support and peer supporters
in the context of diabetes [20-23]. Of these studies, only 1
recruited adults with type 1 diabetes (T1D) as part of a larger
sample[21], while the other investigations targeted adults with
type 2 diabetes [20,22,23].

Inthe eraof digital health, peer support modelsin diabetes have
been made more accessible through the shift to virtual platforms
such as mobile apps. Such digital peer support programs are
especialy valuable in rural and remote areas, where access to
traditional peer networks and diabetes programs can be limited
[24-26]. A systematic review of in-person and
technol ogy-mediated peer support for adultswith diabetesfound
that peer support was beneficial in reducing isolation and
increasing social support for recipients [27]. However, none of
these studies were specific to T1D only. Interestingly, in a
review of technology for peer support intervention for
adolescents with chronic illness, rather than adults, T1D was
the most represented condition [28]. Generaly, adolescents
with T1D experienced benefitsin emotional support and diabetes
management [29]. Of the few studies utilizing mobile or web
apps for T1D adults, peer support was a secondary feature to
self-management behavior education or one of multiple
intervention components rather than the main focus [30-33].
AsTI1D isalifelong condition, it isimportant to offer ongoing
mental health support to adultsliving with T1D, especially those
facing geographical or resource barriers.

Methods

Study Aim

This study aimed to explore the experiences of and perspectives
from recipients and providers of support on REACHOUT, a
peer-led mental health support intervention for adultswith T1D
livingin rural and remote regions of British Columbia, Canada.

Study Design

Following the completion of the pilot trial titled REACHOUT,
which investigated the feasibility and acceptability of peer-led
mental health support intervention delivered by a mobile app,
we conducted focus groups with participants of the study. The
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reporting of methods and findings adheres to the COREQ
(Consolidated Criteria for Reporting Qualitative Research)
checklist (Checklist 1) [34].

REACHOUT Intervention Description

Described in detail elsewhere, the REACHOUT pilot
investigated the impact of a mobile app that delivered mental
health support to adults with T1D living in Interior British
Columbia over a period of 6 months. REACHOUT offered
multiple support delivery modalities (one-on-one, group-based
texting, and virtual face-to-face small group sessionsthat could
be customized by recipients) [35]. Participants include
individuals who receive support (recipients) and those who
provide support (peer supporters). In this paper, the term
“participants’ will only be used when addressing both recipients
and peer supporters. The digibility criteriafor recipients were
asfollows: (1) be diagnosed with T1D, (2) be at least 18 years
or older, (3) speak English, (4) have accessto theinternet and/or
asmartphone, (5) liveintheinterior region of British Columbia,
and (6) have amean subscal e score of =2 onthetype 1 Diabetes
Distress Scale [36]. Peer supporters had similar requirements
with the exceptions of criteria 5 and 6. They aso had to be
willing to complete a 6-hour training program. Training
components and competency evaluation are published el sewhere
[37]. It should be noted that if asked a medical question by
recipients, peer supporters were instructed to refrain from
answering and defer to the diabetes nurse educator.

The REACHOUT app offered multiple support delivery
modalities including one-on-one support provided by a
recipient-sel ected peer supporter, group texting support viathe
24/7 chat room, and small group face-to-face support viavideo
huddles and happy hours. Recipients were encouraged to use
any or all modalities as frequently as desired. Peer supporters
were invited to attend virtual wellness sessions to debrief their
experiences as well as receive their own emotiona support.
Finally, the ongoing monitoring of group-based communication
exchanges was performed by the research team, and fidelity
assessments were conducted at 1, 3, and 5 months of the
intervention with all participants.

Ethical Considerations

This qualitative descriptive study was approved by the
University of British Columbia Behavioural Research Ethics
Board (H20-00276). Prior to focus groups, participants provided
e-informed consent using REDCap (Research Electronic Data
Capture) electronic data capture tools hosted at the University
of British Columbia [38,39]. To maintain privacy and
confidentiality, recordings were anonymized to omit personal
identifying information and stored securely. Only the study
team could access study data. Upon completion, participants
received a CAD $25 (approximately US $18) e-gift card.

Participant Recruitment and Sampling

Following the completion of the pilot trial REACHOUT, all
those in recipient roles were contacted by a research assistant
and invited to the postintervention focus groups to share their
experience with the REACHOUT program and app and
suggestions for improvement. Only peer supporters who had
been paired with recipients were invited to join the
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postintervention focus groups. Those who provided consent
were interviewed.

Data Collection and Analysis

Focus groups were conducted online using Zoom; video and
audio were recorded and later transcribed. Led by a femae
researcher (TST), focus groups were stratified into recipient
versus peer supporter-only membership with approximately 6
individuals per group. The interview guide (Multimedia
Appendix 1) used open-ended questions and prompts to elicit
discussion around their experiencein the program, peer support
interactions, and app usage. Follow-up questions were posed if
clarification or explanation was needed.

Recordings were transcribed verbatim and anonymized with
participant roles (recipient or peer supporter) identified to
capture perspectives from both groups. Transcripts were
analyzed using NVivo V.14 software package [40]. Guided by
an interpretivist research paradigm, which centers around
subjective experiences [41], we selected an inductive thematic
approach to support the possible variation of participant
perceptions. Following Braun and Clarke's 6 phases of thematic
analysis, 1 coder (DL) participated in transcribing the data and
another coder (PJ) who had no involvement in the interview
guide development, interviews, and transcription familiarized
themselves with the transcripts [42]. Both coders discussed
initial ideas before independently performing open coding. The
coders discussed the findings after every round of coding to
enhance reflexivity and iteratively refine a unified codebook.
Independently coded transcripts were combined, and codeswere
sorted and combined to form themes and subthemes. Themes
and subthemes were reviewed and refined with clear definitions
and names. Findings and any discrepancies were discussed with
the principal investigator (TST) and another coauthor member
(DS) who was not involved in the interview guide creation and
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interviews. Moreover, this was a recursive process where
analysis phases moved back and forth as needed [42].

Positionality Statement

Our multidisciplinary team comprises cisgender, heterosexual
women from East Asian, South Asian, and European settler
backgrounds. TST has over 25 years of experience working in
peer support, and her research focuses on devel oping models
to improve mental health outcomes in high-risk and medically
underserved communities. DS has over 25 years of research
working in diabetes self-management at the community and
provider level. FSC has over 20 years of experience working
on topicsrelated to stress, social support, and social connection
and contributes abehavioral science perspective. DL and PJare
early-career researchers with master’s and medical graduate
training. All authorsareliving in urban centers and are cognizant
of their own privileges and practice reflexivity to ensure that
priorities of the diabetes community are represented throughout
the research process.

Results

Description of Sample

In total, 32 study participants (17 recipients and 15 peer
supporters) who completed the REACHOUT intervention were
recruited and interviewed from August to October 2022. The
characteristics between focus group participants compared to
nonrespondents in the pilot study population are noted in
Multimedia Appendix 2. There were 9 focus groups lasting
60 - 90 minutes, 4 recipient-only groups, and 5 peer
supporter-only groups. As summarized in Table 1, participants
were predominantly women and Caucasian, with a mean age
of 48 (SD 16.3; range 23 - 76) years and an average of 24 (SD
18.1; range 0 - 65) yearsliving with diabetes. M ost participants
received postsecondary education and had a household income
greater than CAD $70,000 (approximately US $50,505).
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Table. Interviewed recipients’ and peer supporters’ baseline characteristics.

Total focus group participants Recipients (n=17) Peer supporters (n=15)
(n=32)

Age (y), mean (SD) 48 (16.3) 48 (16.6) 50 (16.4)
Diabetes duration (y), mean (SD) 24 (18.1) 25(18.5) 23(18.2)
Women, n (%) 26 (81) 15 (88) 11 (73)
Marital status, n (%)

Never married 9(28) 6 (35) 3(20)

Married or living with apartner 20 (63) 10 (59) 10 (67)

Separated or divorced or Widow 3 (9) 1(6) 2(13)
Ethnicity, n (%)

Aborigina 1(3) 1(6) 0(0)

Aboriginal/Caucasian 1(3) 1(6) 0(0)

East Asian (Chinese, Korean, 1(3) 0(0) 1(7)
Japanese)

Caucasian 29(91) 15(88) 14 (93)
Education, n (%)

High school graduate (or equiva- 3 (9) 3(18) 0(0)
lent)

Some college or technical school 7 (22) 4 (24) 3(20)

College graduate 10 (31) 3(18) 7 (47)

Graduate degree 12 (38) 7(41) 5(33)
Pretax household income (CAD $),
n (%)

<70,000 (approximately US 10 (3D 7(41) 3(20)
$50,505)

>70,000 (approximately US 17 (53) 5(29) 12 (80)
$50,505)

Declined to answer 5(16) 5(29) 0(0)
Employment, n (%)

Full-time job 12 (38) 6 (35) 6 (40)

Part-time job 6 (19) 5(29) 1(7)

Retired 6(19) 2(12) 4(27)

Other 7(22) 4(24) 3(20)

Declined to answer 1(3) 0(0) 1(7)

Themes on their user experience with the mobile app delivery (Table

2).
Four overarching themes were identified and related to
participants’ experiences in the peer support intervention and
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Table . Four major themes were identified by thematic analysis with subthemes that capture similarities and differences within and across recipient

and peer supporter groups.

Theme Recipient

Peer supporter Both group

Need for asense of communityand __a
belonging

Factors to enhance the recipient- o  Ability to select apeer support-
peer supporter experience er

Key aspects of the peer supporter
experience

Importance of personalizing the user
experience while using the REA-
CHOUT mobile app

Giving and receiving uncondi-

tional support

« Reducingisolationin rural
communities

o  Learning fromreal-life experi-

ences of T1D peers

Modality and frequency of
communication

«  Supporting peer supportersin

their role

«  Benefits of being a peer sup-
porter

«  Challenges of being a peer
supporter

Varied preferencesin peer
support

o  Adapting the mobile app to fit
user expectations

3Not applicable.

Theme 1: Need for a Sense of Community and Belonging

For recipients and peer supporters, REACHOUT created a safe
environment to build and strengthen connections with other
adults who shared the lived experience of T1D. This sense of
belonging and community spirit manifested in different ways.

Subtheme A: Giving and Receiving Unconditional Support

The intervention created a space to express concerns without
fear of judgment or rejection. Participants who had felt
completely alone in the past finally found their “tribe”—a
community that experienced and understood the same fears,
frustrations, and emotional burdens of T1D.

The whole thing has been just so rewarding and |
think it's kind of brought me out a little bit too. Like
being able to be who | am and not be judged it’s like
—it’sjust this community. Being able to kind of hop
into the chat and say, “ Oh yeah thisiswhat happened
to me” or you know, just that common sharing. It's
been huge. [Peer supporter 5-2]

Initially, some participants were hesitant to engage in group
activities such as face-to-face virtual sessions because the
possibility of meeting peers who were managing their diabetes
“perfectly” could trigger feelings of inadequacy or resentment.
However, once the intervention started, they realized others
were willing to be vulnerable. For example, when some
participants disclosed perceived self-management failures in
the 24/7 chat room, they were met with empathy and validation.
After this precedent was established, others felt safe to reveal
moments of insecurity and self-blame.

It was really nice to know when you're like, “I'm
doing everything possible to keep my blood sugar
stable right now and for the life of me they're on the
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higher side. | don't know why?” But knowing other
people are like, “ Yeah, isn't that frustrating,” like
they get it because they live it. It's not like your
[endocrinologist], it's nice to hear it from somebody
who lives it, | don't feel so alone in the world.
[Recipient 6-3]

Subtheme B: Reducing I solation in Rural Communities

Coming fromrural and small communities acrossInterior British
Columbia, many recipients and peer supporters had never
encountered another T1D adult in their local community. This
sense of loneliness was particularly pronounced for individuals
diagnosed late in life (eg, 45 years and older).

It seems like we grew up in a smaller town, and there
wasn't anybody that had diabetes that | knew, and
then going through the other parts of my life, | didn’t
have really anybody to talk to. [Recipient 4-2]

Although REACHOUT was avirtual intervention, participants
were comforted knowing that peers resided in nearby towns.
When browsing through the peer supporter library, participants
were able to identify the genera location where each peer
supporter lived and, therefore, felt reassured that face-to-face
support was accessible if needed. As part of the REACHOUT
community, participantswere not left to cope with the struggles
of T1D on their own.

| thought it was really nice to connect with people,
maybe not totally in my community. But certainly,
there have been a great number of people within an
hour’s drive that's connected with and there's just
something about that to know that you're not alone
inyour little portion of the world. [Recipient 6-2]
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SubthemeC: Learning From Real-L ife Experiencesof Peers
With T1D

With REACHOUT, participants had direct access to the most
reliable and high-quality T1D information including
“real-world” experiences from adults who used insulin, insulin
pumps, and continuous glucose monitorsdaily. The mobile app
offered different mechanisms to obtain the knowledge needed.
For instance, in the 24/7 chat room, participants posted updates
regarding changes to health insurance coverage or, during the
COVID-19 period, shortages in various diabetes supplies. This
platform was also a place to pose questions and dlicit differing
perspectives from both recipients and peer supporters. For
example, participants who were considering transitioning to a
different insulin pump or continuous glucose monitoring device
could hear opinions from peers from diverse lifestyles and
backgrounds.

It was cool to hear firsthand information from
somebody’s experience, say about the Omnipod or
the Medtronic or Dexcom or whatever. | think that's
invaluable, rather than just going to a doctor or
endocrinologist and just a medical professional,
which is till really good information but to get the
user’s perspective on something is kind of for sure.
[Peer supporter 7-1]

Notably, how participants preferred to learn varied. Those who
were not comfortable posting messages or disclosing personal
experiences till enjoyed reading the discussion threads and
exchanges in the 24/7 chat room. Many participants routinely
checked the app to read the most recent conversation and
updates. While not directly participating, participants who
passively monitored the exchange of dialogue derived substantial
benefits.

In my journey over the years with diabetes, | just felt
so alone, so thisapp hasbeen —just knowing it'sthere
has been huge. I'mkind of a classic introvert —1 don’t
really go on and participate actively on it, but | do
oninand | read the conversations and just | love it.
Please don’t underestimate power of that becauseit’'s
really been a big thing for me. [Peer supporter 7-2]

Theme 2: Factorsto Enhance the Recipient-Peer
Supporter Experience

Factors related to one’'s experience with REACHOUT were
largely dependent on the quality of the reci pient-peer supporter
relationship. Many found their peer supporter extremely helpful
and valued their time, but the strength of their relationship was
influenced by various contributing factors.

Subtheme A: Ability to Select a Peer Supporter

Recipients felt empowered by the opportunity to choose their
peer supporter. Some sought identical counterparts, while others
envisioned their peers as potential mentors. The criteria that
each recipient used to choose their peer supporter were unique
and personal. The main factors included diabetes management
system, duration of diabetes, shared activities, life stage, and

age.
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According to some recipients, diabetes and management-rel ated
factorsweighed heavily into the selection process. For example,
some recipients were seeking a peer supporter who had been
living with diabetes for aslong, if not longer, than themselves.
Othersfelt agreater kinship with peer supportersusing the same
continuous glucose monitoring or insulin pump.

| looked at not necessarily insulin type, but just device

that they might be using. And for me, the Dexcomwas

new so | wanted somebody who knew and used the

Dexcom. So that was some of my criteria when |

started to go through thelist. | don’t need to read the

other fifteen that don’t use a Dexcom, that was a clear

priority for me. [Recipient 6-3]
Lifestyle factors also factored in prominently when selecting a
peer supporter. For instance, recipients who enjoyed exercising
or engaging in outdoor sports preferred an equally active peer
supporter. Having shared hobbies enhanced the quality of
recipient-peer  supporter  relationships and  extended
conversations beyond the boundaries of diabetes. In contrast,
in the absence of similar interests, some recipients found it
difficult to establish meaningful and sustained rapport with their
peer supporters.

Device for me wasn't as important. Cause |’ ve been
on both injections and pump. So for me, mostly
activities and hobbies. And someone that liked to
travel aswell, cause | alwaysfind that quite daunting
but I want to do more of that so yeah. | found a good
person for that. [Recipient 8-4]

The stage of life was equally important. For example, young
mothers gravitated toward selecting peer supporters who were
alsoraising children. Asexpected, navigating both diabetes and
parenthood created strong connections. Similarly, older
recipients who were retired understood the priorities and pace
of others who were also no longer in the workforce.

| picked someone who was in a similar life stage as

me, cause |’ ve had diabetesfor 30 years| don't really

need advice on how to treat my diabetes. For me, it

was much more the mental health connection and

then transition to this new part of my life of being a

mom. Because stuff would come up and I'd be like

oh, my gosh, how do you deal with this? How do you

prioritize a crying baby verses a low? So that for me

was great. [Recipient 9-1]
Age and/or length of diabetes experience emerged as critical
factors in the selection process. Some recipients intentionally
chose older peer supporters who had a lifelong journey with
diabetes asthey envisioned having a mentor who could provide
insight on what challenges to expect over time. Rarely did
recipients choose peer supporterswho were much younger than
themselves.

Someone [who] was male, and older than me. So |
can relate to what they're going through, and
someonewho has had diabetesfor longer than | have.
So it's quite focused of what | was looking for. | was
able to be paired up with someone who was in my
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position, but a couple years down the road. [Recipient
8-3]

Subtheme B: Modality and Frequency of
Communication

Video conferencing was the most preferred modality, as it
allowed for the 2 partiesto observe facial expressions and body
language. Different communication methods were utilized for
different functions. Direct messaging, texting, and emailswere
ideal for quick communication such as check-ins and meeting
coordination. If both partieswere amenableto investing greater
effort and commitment, more substantial conversations took
place through video conferencing or phone calls.

Consistency formed the foundation of a strong reci pient-peer
supporter relationship. Initially, weekly communication was
needed to establish and build rapport. However, as the
relationship matured, for some, the frequency of contact slowed
down as people had other competing life demands such as
full-timejobs or homeresponsihilities. Mid-intervention, many
acknowledged that the ideal schedule was contact once every
2 weeks.

| liked that it was once a week in the beginning. |
think it gave you a lot of opportunity to get to know
each other, tell each other your diagnosis story and
then fromthere on. | think | did realize with my peer
supporter when we started, when we were meeting
every week that we almost were running out of things
to update each other on or talk about. And then every
two weeks was really great and then we had some
things to share over the last two weeks. [Recipient
8-1]

Theme 3: Key Aspects of the Peer Supporter
Experience

The cornerstone of apeer-led intervention isthe peer supporters
who deliver mental health support. Although the goal of
REACHOUT wasto provide support to recipients, the sustained
quality of the 6-month intervention provided opportunities for
peer supportersto be nurtured as well.

Subtheme A: Supporting Peer Supportersin Their Role

To function effectively intheir role, peer supporters underwent
a 6-hour training. According to peer supporters, the most
instrumental training activity was “role-plays” Not only did
role-playsallow traineesto practice newly devel oped skills, but
these simulated scenarios hel ped build their self-confidence and
preparedness.

During the intervention, peer supporters appreciated having a
workbook with structured activities to lead their recipients
through. These activities served as a valuable foundation for
conversations that would not occur organically—for example,
identifying persona values and exploring sources of diabetes
distress.

Furthermore, peer supporters benefited from attending wellness
sessions hosted by the research team. Wellness sessions were
Zoom-based and provided the opportunity for peer supporters
to share stories, voice concerns, and pose questions to one
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another. Moreover, these discussions fostered camaraderie
among peer supporters while navigating inherent challengesin
their support roles.

| think every [WelIness] session — | found important,
because there’s always something new that you can
take away. And then, if there’sa question that | have,
[11 can actually ask during those sessions. “ Okay,
you know. Great. I'm on the right track you know
aswell and then, “ I’'m following what | supposed to
be following and doing what |" m supposed to be doing
with the peers!” [Peer supporter 1-1]

Subtheme B: Benefits of Being a Peer Supporter

Peer supporters derived deep satisfaction and intrinsic reward
from their role, finding genuine fulfillment from providing
mental health support to other adults with T1D. Through acts
of atruism and compassion for the T1D community, they
experienced satisfaction knowing that their contribution added
meaning and value to the lives of their recipient.

Many peer supportersrealized that their relationship with their
matched recipient was mutually beneficial. Not only did peer
supporters deliver emaotional support, but recipients al so shared
their knowledge, coping strategies, and perspectives.
Additionally, many peer supporters discovered a renewed
connection with their own diabetes journey and engaged in
self-reflection and self-devel opment.

[My recipient] wasfairly newly diagnosed, within the
last year, and it's been 11 years for me. | benefited a
lot fromtalking with her. It kind of re-engaged mein
diabetes. | think | realized I’ ve been coasting, and |
needed to kind of re-engage, and | think that was
really important for me. [Peer supporter 2-2]

Subtheme C: Challenges of Being a Peer Supporter

Not all peer supporters had recipients who reciprocated with
the same level of enthusiasm. Rather than feeling rejected if
their recipient did not respond immediately, some peer
supportersdid not take it personally. Moreover, peer supporters
found it challenging to sustain consistent communication with
their recipients, especialy in the last half of the intervention.
Peer supporterstried to understand their recipient’s perspectives
by acknowledging the demands of personal and professional
lives.

| found sending a text- something, | felt like | was
chasing her. And | would think, “Oh maybe she
doesn’'t want to talk to me anymore;” “ Maybe she's
had enough;” or, “Maybe I'm doing something
wrong,” but it wasn’t anything like that at all. It was
just she was busy; she has a job and family. [Peer
supporter 5-3]

Some peer supporters struggled to deepen their conversations
when recipients appeared to be reluctant to broach more
sensitive topics. At times, peer supporters adhered to
surface-level conversations so as to not “over-step.” As such,
peer supporters suggested having more guidance on how to
navigate boundaries and tips for gauging the depth recipients
seek from relationships.
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| didn’'t bring up the underlying issues as much as |

would have expected, perhaps because | wasn’t quite

versed in how to bring those up. | didn’t know if it

was appropriate for meto kind of prod alittlebit. [ ...

] I felt alittle bit at a loss of how to bring up like these

big concepts, psychological issues and things like

that. There was definitely stuff going on, but it was

hard for me to get themto speak about some of those

things. [Peer supporter 2-1]
Conversely, some peer supporters encountered recipients who
openly shared their feelings and concerns, which posed a
different challenge as it triggered feelings of worry and
inadequacy. Peer supporters were seeking greater instructions
on how to navigate these emotionally charged conversations.
Two potential solutions suggested were (1) establishing clear
guidelines on how to respond to questions requiring escalation
to a health professiona and (2) providing a set of prepared
guestions to ask when these situations arose.

I’'m not gonna lie, | was a little bit stressed if this
person was really in distress, because | don't know
if | was like, “ Jeez, like | don’'t know if | can be the
guy that’sgoing to help thisperson.” But | was pretty
fortunate, [my recipient] just wants someone to talk
to, basically, which worked out well for me. [Peer
supporter 7-1]

Theme 4: Importance of Personalizing the User
ExperienceWhileUsingtheREACHOUT M obile App

Participants (recipients and peer supporters) had four ways to
engage with others on the REACHOUT mabile app: (1) direct
messaging, (2) 24/7 chat room, (3) virtual happy hours, and (4)
virtual huddles.

Subtheme A: Varied Preferencesin Peer Support

The 24/7 group chat room served as a central feature of the app
with asignificant amount of activity. Most participantsreferred
to the 24/7 chat room to pose questions, share stories and
updates, and initiate discussions. The high level of engagement
led many participants to habitually check the chat to stay
informed. For some, monitoring the 24/7 chat room was a part
of their daily routine, as participants could obtain new
information as well as be exposed to a diverse range of topics.

Alternatively, some found the continuous flow of information
in the 24/7 chat room to be overwhelming. Specifically, it was
burdensome to sift through a high number of messagesto find
discussions of personal relevance. For example, while the
majority of participants discussed insulin pumps, it alienated
the few individuals who used multiple daily injections. In
extreme cases, some participants deactivated the notifications
setting for the 24/7 chat room.

Like it was overwhelming right at the beginning [ from
the 24/7 chat room|, and so | turned off the
notifications but then | got it out of the habit of
checking, so | missed a whole bunch of stuff, me and
my mentor were communicating through text, so |
didn’t really have to worry about going back into the
app. [Recipient 9-1]
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Virtual huddles and virtual happy hours were 2 additional
support delivery mechanisms offered. The former was a
larger-group interactive webinar led by peer supporters and/or
professionals and required fewer social demands or active
participation. The latter involved a smaller, intimate group
discussion led by apeer supporter and fostered open and relaxed
conversations beyond their one-on-one peer support relationship.
These 2 support modalities cater to diverse personality types
and needs.

Subtheme B: Adapting the Mobile App to Fit User
Expectations

App usability issues centered largely around the lack of logical
structure and flow of exchanges within the 24/7 chat room.
Because participants had the option of responding within a
thread or creating a new thread, conversations often seemed
digointed. As a result, many suggested creating more
topic-focused discussion boards as “ exit ramps’ from the 24/7
chat room, allowing participants to select personally relevant
information in a structured way. Participants also suggested a
keyword search feature. This element would streamline the
process of finding specific information without the need to scroll
through recent posts. To increase accessibility for people with
different reading abilities, participants suggested that the app
be available on bigger devices such as tablets or computers.

Finally, the mobile app experienced various bugs. For research
purposes, this app was launched on a testing platform that
required participants to log in with their credentials every 3
months. Thisissue led to widespread frustration and confusion
among participantswho lost access unexpectedly. Additionally,
there were bugsin the video feature, which madeit difficult for
participants to connect unless they used platforms outside of
the mobile app (eg, Zoom, Facetime). Future improvements to
fix these bugs would ensure a smoother and more reliable user
experience.

| guess | went to log on the other day | wasn’t sure
whenit ended, and | was quite sad when | didn’t have
access anymore, to go on and read the stuff | was
used to reading each day so that was kind of, that was
nice. Well, it wasn’t nice that | couldn’t get on but it
was nice, yeah. [Recipient 4-2]

Discussion

Principal Findings

Thisstudy explored recipients’ and peer supporters’ experiences
with and perspectives on REACHOUT, apeer-led mental hedlth
support intervention for adults with T1D living in rural and
remote regions of British Columbia. Our resultsidentified four
major themes: (1) Need for asense of community and bel onging,
(2) Factors to enhance the recipient-peer supporter experience,
(3) Key aspects of the peer supporter experience, and (4)
Importance of personalizing the user experience while using
the REACHOUT mobile app.

Comparison to Prior Work

Consistent with our findings, the need for community and
belonging, especially for geographically marginalized
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individual s, has also been reported in the literature. For instance,
a systematic review of 12 qualitative studies on health care
accessfor rural patientswith chronic diseasesfound that a sense
of group connection in rural areas mitigates feelings of
vulnerability [43]. Similarly, Joensen et a [44] noted that while
afeeling of inclusion contributesto health promation, it isoften
lacking in daily life for individuals with T1D. Thus, a mobile
app such as REACHOUT is especially valuable in addressing
these gaps in remote and underserved communities.

With REACHOUT, recipients had the agency to choose a peer
supporter based on personaly relevant factors. This
choice-based model deserves consideration, asit may optimize
the recipient-peer supporter match [12,35]. Our dataa so suggest
that successful pairs often referred to one another as “friends,”
which supportstheideathat effective emotional support isbuilt
upon friendship and trust [17,22]. To enhance participant
satisfaction, future peer support studies should adopt this
recipient-driven matching process as recipients are in the best
position to understand their own unique support needs.

While the one-on-one and group support delivery mechanisms
address different support needs, many recipients expressed
greater value for the former. The advantages of personalized
individual relationships addressthe limitationsinherent in group
settings. For example, in an intervention of peer support
meetings for adults with T1D focusing on insulin pumps,
dissatisfied participants reported a lack of relevance in the
discussion topics, hindering their ability to speak about topics
that mattered to them [45]. Incorporating modalities that allow
recipientsto seek both group-based and one-on-one peer support
within the same intervention promotes greater support
customization for each user. Subsequent mental health support
models should prioritize flexible delivery options that balance
individualized support with opportunitiesfor group engagement.

As participation in group activities within the mobile app was
optional, we observed varying levels of engagement. Passive
participation, characterized by viewing (vs posting) 24/7 chat
room exchanges, was the most common. Participants engaged
in “lurking” behavior, which involved routinely checking the
chat room, gleaning value in reading anecdotes and being
exposed to new topics related to T1D. “Lurking” was aso
observed in an online community—based peer support forum
for in-hospita patients. Thisstudy found that 7 of 30 participants
opted not to post yet still experienced a positive impact on
emotional well-being [46]. Additionally, Tang et al [47] found
that adults with T1D who passively engaged with the digital
support platform (ie, ‘lurkers’) reported greater reductions in
stigma-related distress compared to active posters. These
findings highlight the role of passive engagement in mental
health interventions as a strategy for mitigating “social risks’
[47,48]. An in-depth examination of the mental health benefits
associated with passive participation on digital platforms is
warranted.
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While not anticipated by peer supporters, the flow of support
with recipients was bidirectional. However, the content of the
“give and take” exchange likely encompassed arange of topics
not necessarily diabetes-specific. Nonethel ess, this opportunity
for mutual sharing was also cited in a systematic review of
qualitative peer support studies for chronic diseases [49].
Recognizing this reciprocity as an unintentional intervention,
peer support studies should routinely assess changesin outcomes
for both recipients and peer supporters. Clearly, peer support
fosters emotional well-being for both parties.

Ensuring ongoing support for peer supportersbeyond theinitial
training phase is essential for peer supporter effectiveness and
well-being. Our intervention addressed this need by offering
peer wellness sessions, a space for peer supporters to share
successes and challenges. Not surprisingly, emotional
investment leading to exhaustion can harm the mental health
of peer supporters[50]. Thus, having an environment to express
frustrationsin real time such ashow to deal with nonresponsive
recipients or navigate emotionally charged conversations could
potentially prevent burnout or dissatisfaction. Therefore,
implementing regular communication or check-ins could
enhance peer supporters experience and overall intervention
effectiveness.

Limitations

First, this study only recruited matched peer supporters (vs
unmatched peer supporters). Perspectives from unmatched peer
supporters were not captured. Future studies should consider
interviewing those peer supporters who did not participate in
the one-on-one support component but had access to other
support delivery features. Second, this sample was self-selected
and possibly more engaged and enthusiastic than other
participants. Thismay limit the representativeness of the origina
REACHOUT cohort. Whilewe compared the characteristics of
the consenting and nonconsenting sample, future studies should
ensure representation across different levels of engagement.
Third, the socioeconomic background for participants was
relatively high. Because we did not overrecruit for individuals
with lower levels of income or education, the diversity of
experiences captured may be skewed. Finally, the study targeted
therura and remote communities of Interior British Columbig;
therefore, the results may not be generalizable to other
geographically marginalized populationsin BC or Canada.

Conclusions

Peer support isincreasingly recognized asacritical component
for mental health interventions in T1D. While research has
focused largely on recipients of support, our study also
considered perspectives of individuals delivering support,
providing a holistic view. More importantly, it is the
recipient-peer supporter dynamic that most likely drives the
success of the implementation of the REACHOUT program
and impacts mental health outcomes. Only by understanding
the experiences of both parties can we refine our interventions
to provide the optimal mental health support model.
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Abstract

Background: Diabetic kidney disease (DKD) is a magjor complication of diabetes and the leading cause of end-stage renal
disease globally. Artificial intelligence (Al) technologies have shown increasing potential in DKD research for early detection,
risk prediction, and disease management. However, the landscape of Al applicationsin this field remains incompletely mapped,
especially in terms of collaboration networks, thematic evolution, and clinical translation.

Objective: This study aims to perform a comprehensive bibliometric and trandational analysis of Al-related DKD research
published between 2006 and 2024, identifying publication trends, research hotspots, key contributors, collaboration patterns, and
the extent of clinical validation and explainability.

Methods: A systematic search of the Web of Science Core Collection was conducted to identify English-language original
articles applying Al technologiesto DKD. Articleswere screened following PRISMA (Preferred Reporting Itemsfor Systematic
Reviews and Meta-Analyses) 2020 guidelines. Bibliometric visualization was performed using CiteSpace and VOSviewer to
assess coauthorship, institutional and country collaboration, keyword evolution, and citation bursts. A qualitative review was
conducted to evaluate clinical validation, model explainability, and real-world implementation.

Results: Out of 1158 retrieved records, 384 studies met the inclusion criteria. Global publications on Al in DKD increased
rapidly after 2019. Chinaled in publication volume, followed by the United States, India, and Iran. Keyword analysis showed a
thematic transition from early biomarker and proteomic research to deep learning, clinical prediction models, and management
tools. Despite methodol ogical advances, few studiesincluded external validation or explainability frameworks. Notabl e trandlational
efforts included DeepMind’s acute kidney injury predictor and a chronic kidney disease prediction model developed by Sumit,
yet widespread real-world integration remains limited.

Conclusions: Al research in DKD has grown substantially over the past 2 decades, with expanding international collaboration
and diversification of research themes. However, challenges persist in clinical applicability, model transparency, and global
inclusivity. Future research should prioritize explainable Al, multicenter validation, and integration into clinical workflows to
support effective translation of Al innovationsinto DKD care.

(JMIR Diabetes 2026;11:€72616) doi:10.2196/72616

KEYWORDS
artificial intelligence; diabetic kidney disease; bibliometric analysis; clinical validation; explainable Al; global collaboration

detection and individualized risk stratification are essential for
improving patient outcomes and alleviating long-term health

Diabetic kidney disease (DKD) is the most prevalent Careburdens.

microvascular complication of diabetes mellitus and aleading |n this context, artificia intelligence (Al) has emerged as a
cause of end-stage renal disease globally, accounting for a  transformative approach in biomedical research and clinical
substantial proportion of dialysis and transplantation burdens  practice. With capabilities in data-driven pattern recognition,
worldwide [1]. The pathophysiological progression of DKD is  predictive modeling, and real-time decision support, Al
complex, often involving chronic hyperglycemia-induced  techniques—including machine learning, deep learning, and
glomerular injury, hemodynamic changes, inflammation, and  neural networks—have been increasingly explored to address
fibrosis. Early-stage DKD is typically asymptomatic, and by  key challenges in DKD research and management [3,4].
the time clinical markers such as proteinuria or a decline in - Applications range from biomarker discovery and disease

glomerular filtration rate become apparent, irreversible kidney  glassification to risk modeling and personalized treatment
damage may have aready occurred [2]. Therefore, early

Introduction
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optimization. Despite the growing enthusiasm for Al, there is
wide variability in the methodological rigor, clinica
applicability, and translational maturity of these studies.

While several narrative and systematic reviews have highlighted
specific Al models used in nephrology, there remains alack of
comprehensive evaluation of how the field has evolved
thematically over time, which countries and institutions are
leading its devel opment, how collaborative efforts are shaping
knowledge production, and to what extent the proposed Al
solutions are being validated and implemented in real-world
clinical settings. Moreover, important dimensions such asmodel
explainability, equity in global research representation, and
translational readiness are often underexamined.

This study aims to address these gaps by conducting a
bibliometric and trandational landscape analysis of Al-related
DKD research published from 2006 to 2024. By integrating
guantitative bibliometric mapping with qualitative evaluation
of translational attributes—including clinical validation, model
transparency, and implementation potential—we aim to provide
a comprehensive overview of this rapidly evolving field and
offer insightsto inform future research, clinical integration, and
policy development.

Methods

Literature Search and Eligibility Criteria

A systematic literature search was conducted using the Web of
Science Core Collection to identify studies related to the
application of Al in DKD from January 1, 2006, to April 30,
2024. The search strategy included combinations of terms for
DKD (“diabetic kidney disease” “diabetic nephropathy,”
“DKD,” or “DN") and Al (“artificia intelligence,” “machine
learning,” “deep learning,” or “neura network”). Only
English-language articles were considered. The search was
limited to origina research articles involving human-related
data, excluding reviews, editorias, | etters, conference abstracts,
and purely experimental or theoretical reports without clinical
relevance.

Eligible articles were those that applied Al techniquesto DKD
in a clinical, trandational, or predictive context. Studies that
involved image processing, signd detection, or statistical models
unrelated to DK D-specific diagnostic or prognostic tasks were
excluded. To ensure the reliability of inclusion, 2 reviewers
(XL and FY) independently screened titles and abstracts for
relevance, followed by full-text assessment. Discrepancieswere
resolved by consensus or consultation with a third reviewer
(LX).

Bibliometric Mapping and Analysis Tools

Bibliometric data were exported from the Web of Science
platform (Multimedia Appendix 1) and analyzed using
CiteSpace (v6.1.R6) and VOSviewer (v1.6.18; Leiden
University's Centre for Science and Technology Studies,
Multimedia Appendix 2). Thesetools enabled visualization and
guantification of publication trends, author and institutional
productivity, international collaboration networks, and thematic
keyword clusters. CiteSpace was used to generate timeline

https://diabetes.jmir.org/2026/1/e72616
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visualizations and detect emergent research topics through
keyword burst detection. VOSviewer was applied to construct
network maps illustrating coauthorship patterns and
co-occurrence frequencies. Centrality scores and citation
frequencieswere used to identify influential authors, institutions,
and countries within the research landscape.

Trandational and Thematic Evaluation

In addition to bibliometric analysis, a qualitative assessment
was performed to evaluate the translational significance of the
included studies. This review focused on identifying whether
Al models were externally validated or tested across different
cohorts, whether explainable Al methods were incorporated,
and whether any studies reported or discussed clinical
integration or real-world implementation. Studiesthat mentioned
the use of interpretability frameworks such as SHAP (Shapley
Additive Explanations) or LIME (Local Interpretable
Model-Agnostic Explanations) were noted. The presence of
multicenter datasets, ethnically diverse populations, or
cross-national dataintegration was also considered asindicators
of generdizability and applicability. This dua
approach—combining quantitative mapping with thematic
content analysis—allowed for a multidimensional perspective
on both the scientific growth and translational depth of Al
research in DKD.

Ethical Considerations

This study involved no human participants, animals, or patient
data, and therefore did not require ethical approval. The data
used were retrieved from publicly available bibliographic
databases and do not involve any sensitive or identifiable
personal information.

Results

Study Selection

A total of 1158 records were initially identified following the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) 2020 framework. After the removal of 0
duplicates, 1158 records were screened based on their titlesand
abstracts. Of these, 251 records were excluded as irrelevant.
Theremaining 907 full-text articleswere assessed for igibility,
resulting in 384 articles included in the quantitative synthesis,
and an additional 78 articlesincluded in the qualitative thematic
review. Ultimately, these articles were included in the
subsequent bibliometric and qualitative synthesis.

Publication Growth Over Time

The global volume of publications related to Al in DKD
remained low and relatively stagnant between 2006 and 2016.
A notable increase in research output began in 2019, followed
by arapid rise during the years 2022 to 2024 (Figure 1). This
pattern reflects the growing integration of Al techniques into
biomedical research and the rising urgency of addressing DKD
in the context of the global diabetes epidemic. The sharp upward
trend in recent years suggests an increasing recognition of Al
asavaluabletool for advancing DKD risk prediction, diagnosis,
and management (Figure 2A).
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 flow diagram for literature screening. Al: artificial
intelligence; DKD: diabetic kidney disease.
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Figure 2. Analysis of the publication trends in artificia intelligence research on diabetic kidney disease from 2006 to 2024: (A) timeline of annual
publications, (B) co-occurrence network of research countries, (C) co-occurrence network of research ingtitutions, and (D) co-occurrence network of
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Geographic and Institutional Contributions

Chinaemerged asthe leading contributor interms of publication
volume, accounting for nearly half of all included studies. Key
institutions such as Beijing University of Chinese Medicine,
Sun Yat-sen University, and Central South University were
among the most prolific. The United Statesranked second, with
prominent contributions from institutions such as the Icahn
School of Medicine at Mount Sinai. India, Iran, and Australia
also made notable contributions, reflecting a broader
international interest in the intersection of Al and nephrology.
Collaboration patterns showed that high-output countries often
published  independently, although  intercontinental
partnerships—particularly between East Asia, North America,
and parts of Europe—have been increasing in frequency and
visibility (Figure 2B-D).
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Keyword Evolution and Research Hotspots

Analysis of keyword co-occurrence and burst terms revealed
distinct phasesin the thematic development of thefield. During
the early period (2006 - 2012), research was focused primarily
on pathol ogy, biomarker identification, and proteomic analysis,
often using conventional statistical tools. Between 2013 and
2018, machine learning began to emerge as a prominent
analytical method, with keywords such as “support vector
machine” and “feature selection” gaining prominence. From
2019 onward, deep learning became a dominant theme, as
reflected by the increasing frequency of terms such as
“convolutional neural network,” “risk prediction,” and “ decision
support system.” Thematic clustering and citation bursts also
indicated agrowing interest in explainability, moddl integration,
and individualized risk stratification, marking a shift toward
clinical application and interpretability (Figure 3A-D).
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Figure 3. Co-occurrence analysis of keywords in bibliometric studies: (A) keyword co-occurrence network, (B) keyword clustering, (C) keywords
with the strongest citation bursts, and (D) timeline of keyword trends in artificial intelligence research on diabetic kidney disease from 2006 to 2024.
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Collaboration Networks Among Authors and
Institutions

Coauthorship network visualization demonstrated that thefield
remains highly fragmented, with a large number of small,
loosely connected research groups. The most central nodesin
the ingtitutional network were located in China, the United
States, and Singapore, reflecting both productivity and
cross-institutional engagement. Although multicenter projects
were occasionally identified, most Al models were devel oped
and tested within single-center or regiona datasets.
Cross-national research, while increasing, often lacked shared
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RenderX

classification

validation protocols or harmonized data structures, limiting
direct comparisons and large-scale model generalizability.

Modéd Validation, Explainability, and Trandational
Readiness

A review of the included studies showed that only a limited
proportion of Al models underwent external validation using
independent cohorts. Most models were based on retrospective
data from a single ingtitution or health system, with internal
cross-validation asthe primary method of evaluation. Very few
studies implemented explainability frameworks such as SHAP
or LIME, and even fewer offered insights into how model
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outputs could be integrated into clinical decision-making
processes. Notable exceptionsincluded studiesthat incorporated
prospective testing or demonstrated integration with electronic
health records, although these remained rare. DeepMind’s acute
kidney injury prediction system, while not DKD-specific, was
often cited as a prototype for nephrology-focused Al
applications [5]. Similarly, Sumit’s [6] deep learning—based
model for chronic kidney diseaserisk prediction represented an
example of real-world implementation relevant to diabetic
populations. However, the lack of consistent attention to
explainability, real-time integration, and regulatory
considerations suggeststhat most Al1-DKD research remainsin
apretranslational stage.

Discussion

Principal Findings

This bibliometric and thematic analysis presents a
comprehensive overview of research trends, international
collaborations, and translational depth in the application of Al
to DKD from 2006 to 2024. The temporal trend reveals a slow
developmenta phase lasting more than a decade, followed by
asurgein research activity from 2019 onward. Thisacceleration
corresponds with the broader adoption of Al in medicine and
the urgent need for precision tools to combat the rising global
burden of diabetes-related complications.

China and the United States have emerged as the primary
contributors to this field, with China leading in publication
guantity and institutional productivity. However, the dominance
of single-country studies and weak international collaboration
networks suggests a lack of unified global effortsin AlI-DKD
research. While some cross-border cooperation exists, it has not
yet reached the level necessary to support large-scale model
generalization or multiethnic validation. Future research should
prioritize open data sharing, transnational model calibration,
and harmonized validation protocol s to promote reproducibility
and clinical readiness across diverse populations.

Keyword analysis and thematic clustering indicate a clear
evolutionin research focus. Early studies emphasized molecular
and pathological mechanisms of DKD, typically using traditional
regression models or biomarker discovery tools. From 2015
onward, a shift occurred toward applying machine learning
algorithms to structured clinical data, including risk prediction
and feature selection. Since 2019, the field has seen a rapid
proliferation of deep learning—based applications, especially
convolutional neural networksfor imaging and time-series data
analysis. However, the transition from computational innovation
to clinical implementation remains incomplete. Most studies
prioritize model development and internal validation, while
relatively few undertake real-world testing or prospective
evaluation.

One mgjor limitation identified is the scarcity of externaly
validated and clinically integrated Al models. Despite rapid
algorithmic progress, few studies reach the level of clinical
trandlation demonstrated by landmark systems such as
DeepMind's acute kidney injury prediction algorithm, which
was prospectively validated and tested in hospital settings [5].
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Similarly, thework by Sumit [6], which devel oped and validated
a deep learning model for predicting chronic kidney disease
progression, represents an exemplar of real-world application.
These examples underscore the importance of incorporating
prospective design, external datasets, and health system
integration early in the research pipelineto ensurethat Al tools
can transition beyond proof-of-concept stages.

Moreover, the “black box” nature of many Al models presents
a significant barrier to clinical trust and regulatory approval.
Although explainable artificial intelligence methods such as
SHAP and LIME have been proposed and applied in other
medical domains, they are seldom used in DK D-rel ated research.
This gap not only limits interpretability but also hinders
integration into clinical workflows where explainability is
essential for physician adoption and patient safety. The
increasing interest in interpretable models and hybrid
systems—combining clinical rules with machine learning
outputs—may offer a promising path forward.

Another noteworthy observation is the underrepresentation of
research from low- and middle-income countries, apart from
China and India. Given the global prevalence of diabetes and
its complications, this imbalance may reflect disparitiesin Al
infrastructure, research funding, and accessto large-scale clinical
data. Efforts to democratize Al research—such as open-access
datasets, international consortia, and capacity-building
initiatives—are critical to avoid reinforcing health inequities
through algorithmic bias.

Limitations and Future Work

This study also has limitations. The analysis was based solely
on the Web of Science database, which, while comprehensive,
may omit relevant studiesindexed elsewhere, such asin Scopus
or PubMed. The decision to focus on English-language articles
may have further excluded important regional research.
Additionally, bibliometric tools such as CiteSpace and
VOSviewer, while effective in mapping research landscapes,
cannot capture the full context or nuance of each study’s
methodological rigor or clinical relevance. Therefore, the
qualitative thematic analysis presented here serves as a
complementary lens, but further domain-specific review is
warranted to assess clinical impact.

In conclusion, thefield of Al in DKD israpidly expanding, with
increasing interest from diverse geographic regions and
institutions. However, thetrang ation of Al modelsinto clinical
nephrology practice remains limited. Future research should
emphasize multicenter collaboration, external validation, and
interpretability to close the gap between computational
innovation and real-world impact. A systematic shift toward
transparent, validated, and context-aware Al systems will be
essential to unlock the full potential of Al in the management
of DKD.

Conclusions

This study provides a comprehensive and multidimensional
analysis of the research landscape at the intersection of Al and
DKD. Through bibliometric visualization and thematic
synthesis, we demonstrate that although the field has
experienced substantial growth in recent years—particularly
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with the application of deep |earning technol ogies—the clinical
trandlation of these innovations remains in its infancy. Most
current research is confined to retrospective model development
with limited external validation and minimal integration into
real-world nephrology practice.

To advance the field, future efforts must prioritize
methodological transparency, external validation using diverse
populations, and the incorporation of explainable Al
frameworks. Strengthening international collaboration and
establishing multicenter consortia will be crucial for ensuring
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reproducibility and promoting equitable accessto Al toolsacross
health care settings. Additionally, regulatory and ethical
considerations should be proactively addressed to support the
safe deployment of Al in clinical decision-making.

In summary, while the promise of Al in DKD is evident,
realizing its full potential will require a deliberate transition
from algorithmic development to clinically meaningful,
patient-centered applications. Bridging thistranslational gap is
not only atechnical challenge but also an opportunity to reshape
chronic disease management in the era of intelligent medicine.
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Abstract

Background: Diabetes prediction requires accurate, privacy-preserving, and scalable solutions. Traditional machine learning
modelsrely on centralized data, posing risks to data privacy and regulatory compliance. Moreover, health care settings are highly
heterogeneous, with diverse participants, hospitals, clinics, and wearabl es, producing nonindependent and identically distributed
data and operating under varied computational constraints. Learning in isolation at individual institutions limits model
generalizability and effectiveness. Collaborative federated learning (FL) enablesingtitutionsto jointly train modelswithout sharing
raw data, but current approaches often struggle with heterogeneity, security threats, and system coordination.

Objective: Thisstudy aimsto develop asecure, scalable, and privacy-preserving framework for diabetes prediction by integrating
FL with ensemble modeling, blockchain-based access control, and knowledge distillation. The framework is designed to handle
data heterogeneity, nonindependent and identically distributed distributions, and varying computational capacities across diverse
health care participants while simultaneously enhancing data privacy, security, and trust.

Methods: We propose afederated ensemblelearning framework, FedEnTrust, that enables decentralized health care participants
to collaboratively train models without sharing raw data. Each participant shares soft label outputs, which are distilled and
aggregated through adaptive weighted voting to form a global consensus. The framework supports heterogeneous participants
by assigning model architectures based on local computational capacity. To ensure secure and transparent coordination, a
blockchain-enabled smart contract governs participant registration, role assignment, and model submission with strict role-based
access control. We evaluated the system on the PIMA Indians Diabetes Dataset, measuring prediction accuracy, communication
efficiency, and blockchain performance.

Results: The FedEnTrust framework achieved 84.2% accuracy, with precision, recall, and F;-score of 84.6%, 88.6%, and 86.4%,
respectively, outperforming existing decentralized model s and nearing centralized deep learning benchmarks. The blockchain-based
smart contract ensured 100% success for authorized transactions and rejected all unauthorized attempts, including malicious
submissions. The average blockchain latency was 210 milliseconds, with a gas cost of ~107,940 units, enabling secure, rea -time
interaction. Throughout, patient privacy was preserved by exchanging only model metadata, not raw data.

Conclusions: FedEnTrust offers adeployable, privacy-preserving solution for decentralized health care prediction by integrating
FL, ensemble modeling, blockchain-based access control, and knowledge distillation. It balances accuracy, scal ability, and ethical
data use while enhancing security and trust. Thiswork demonstratesthat secure federated ensemble systems can serve as practical
alternatives to centralized artificial intelligence modelsin real-world health care applications.

(JMIR Diabetes 2026;11:€79166) doi:10.2196/79166

KEYWORDS

blockchain; decentralized health care; diabetes prediction; ensemble learning; federated learning; knowledge digtillation;
privacy-preserving Al; artificial intelligence; Al

learning has emerged asapowerful tool for diabetes prediction,
conventional approaches often rely on centraized data
repositories [2-4]. This reliance introduces serious challenges
related to patient privacy, regulatory compliance (eg, Health
Insurance Portability and Accountability Act (HIPAA), General

Introduction

Diabetes continues to pose a growing global health burden,
requiring timely prediction and proactive management to reduce
complications and improve quality of life [1]. While machine
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Data Protection Regulation (GDPR), and susceptibility to
cyberattacks [5]. Moreover, centralized data aggregation is
increasingly impractical due to fragmented data ownership
across ingtitutions and regions [6].

Real-world hedlth care systems are inherently heterogeneous,
encompassing a wide range of contributors—from large
hospitalsand urban clinicsto wearable health devicesin remote
settings [7]. These entities vary significantly in data volume,
quality, and computational capacity. The data are often
nonindependent and identically distributed (non-11D), reflecting
demographic, clinical, and behavioral diversity [8]. Asaresult,
models trained within a single institution or on homogeneous
datasets often struggle to generalize across settings, limiting
their effectiveness and scalahility.

To address these limitations, collaborative federated learning
(FL) has emerged as a compelling solution [9]. However,
applying FL to real-world diabetes prediction presents several
unresolved challenges. In particular, current FL frameworks
often struggle with:

- security vulnerabilities, such as model poisoning and
adversarial manipulation [10]

- lack of coordination and trust, especially in decentralized,
multiparty settings [11]

- performance degradation due to client heterogeneity and
non-11D data distributions [12]

While several FL frameworks [13-16] have been explored for
decentralized health care anal ytics, most assume homogeneous
model architectures, single global models, or idealized trust
environments and do not explicitly address lightweight or
resource-constrained participants at the edge [17,18]. Existing
systems, such as Biscotti [19] and Chang et al [20], rely on
gradient sharing and therefore require structurally aligned
models and consistent computational resources, while recent
blockchain-enabled FL frameworks incorporate differential
privacy but till assume homogeneous models or centralized
coordination [21,22]. Furthermore, blockchain [23], apromising
technology for ensuring integrity, transparency, and access
control in decentralized systems, has seen limited integration
with FL, especially in diabetes prediction contexts. Other
blockchain-enabled approaches, such as Shalan et a [24],
provide secure access control but do not incorporate mechanisms
for interoperable knowledge sharing across heterogeneous|ocal
models.

In contrast, FedEnTrust introduces an integrated design that
simultaneously addresses model heterogeneity, non-11D data,
trust and identity verification, and secure update submission.
By combining soft-label knowledge digtillation with
blockchain-verified RBAC, FedEnTrust enables robust
collaboration across diverse hedth care systems while
preventing unauthorized or malicious updates. FedEnTrust
introduces a novel integration of:

- ensemble learning, alowing clients to train diverse local
models best suited to their data and computational
constraints

- soft-label knowledge distillation, enabling effective model
aggregation across non-11D participants

https://diabetes.jmir.org/2026/1/e79166
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- blockchain-based smart contracts, which provide
tamper-proof coordination, role-based access control, and
participant accountability

FedEnTrust representsa step forward in secure and collaborative
artificial intelligence (Al) for health care, with the following
key contributions:

1. Heterogeneity-aware ensemble design: Each participant
trains a model tailored to its resource level, supporting
real-world deployment across varied health care nodes.

2. Knowledge distillation-based aggregation: We introduce a
soft-label ensemble mechanism that improves convergence
and generalization across non-11D data.

3. Blockchain-enabled trust layer: Our smart contract system
enforces participant registration, access control, and secure
model submissions without a centralized authority.

4. Comprehensive evaluation: Using the PIMA Indians
Diabetes Dataset, we demonstrate that FedEnTrust improves
predi ction accuracy; maintains privacy; and ensures secure,
low-latency collaboration.

By addressing the intersection of privacy, trust, heterogeneity,
and security, FedEnTrust provides a practical and deployable
framework for Al-powered diabetes prediction in real-world,
decentralized health care systems.

Methods

Overview of FedEnTrust

FedEnTrust isasecure, privacy-preserving federated ensemble
learning framework designed to address the challenges of
decentralized diabetes prediction across heterogeneous health
care environments. It enables collaborative learning without
centralizing sensitive patient data, accommodates diverse
computational resources, and defends against malicious
behaviorsthrough ablockchain-coordinated trust infrastructure.
The core modules of FedEnTrust include (1)
heterogeneity-aware local model training, (2) knowledge
digtillation via soft label sharing, (3) blockchain-based secure
coordination, and (4) adaptive ensemble aggregation.

These modules work together to realize 3 key objectives:
maintaining patient privacy, enabling equitable participation
across ingtitutions with varying capacities, and ensuring secure
collaboration in a decentralized system.

Figure 1 illustrates the end-to-end data flow across the 4
modules. Local raw data remain strictly on the device. Each
participant trains a heterogeneous local model and generates
soft-label probability vectors. These soft labels, along with
accuracy metadata, are sent off-chain to the aggregator but must
first pass through blockchain-based role-based access control
(RBAC) validation, where the smart contract verifies participant
identity, role permissions, and submission metadata. Validated
soft labels are incorporated into an adaptive weighted
aggregation mechanism, producing globa pseudo-labels that
are redistributed to all participants. The blockchain records
transaction hashes and role enforcement events, ensuring
traceability without revealing sensitive data.
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Figurel. Overview of the FedEnTrust architecture. Soft labels generated by local model s are authenticated through blockchain-based role-based access
control and combined using adaptive weighted aggregation to produce pseudo labels for continued local training. ML: machine learning.
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Architectural Novelty and Comparison With Existing
FL Frameworks

Real-world health care environments exhibit substantial diversity
in computational capacity, data distributions, trust requirements,
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and security risks. To contextualize the design of FedEnTrust
within this landscape, we compare its architectural capabilities
against representative FL and blockchain-enabled frameworks
in Table 1.
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Table. Architectural comparison of FedEnTrust with representative federated learning frameworks.

Challengeinrea-world FedEnTrust (Ourwork) Hasan et a [15] Biscotti [19] Chang et a [20] Microcontroller FL2
health care FL [17]
Heterogeneouscom-  Heterogeneity-aware Supports M L° models Assumesall clientsrun  Single model structure Designed for ultra-low-

pute environments
(hospitals, clinics,
kiosks, wearables)

Non-11D€ and imbal-
anced dataacrossinsti-
tutions

Cross-ingtitution trust
and secure participa-
tion

Protection against mali-
cious updates (poison-
ing, fake uploads)

Interoperability across
model types

Scalability across dis-
tributed health care
networks

Auditability and trace-
ability for compliance

(HIPAAK or GDPR))

model assignment;
each nodetrains model
matching itsdeviceca-
pacity; ensemble aggre-
gation aligns knowl-
edge across disparate
models

Soft-label knowledge
distillation + weighted
aggregation improve
cross-site generaliza-
tion

Smart contract—driven
RBACS; on-chain vali-
dation of model submis-
sions; rejectsmalicious
or unauthorized up-
dates

On-chain validator
roles + metadata
checks prevent poi-
soned soft labelsbefore

aggregation

Soft 1abels unify out-
puts of RF', XGBY,
DT, SVvM', KNN! into
comparable probability
space

Lightweight soft-label
sharing reduces commu-
nication overhead and
suits mixed-resource
environments

Full on-chain audit log
of registrations, up-
dates, and permissions

but generally assumes
similar capacity clients

Local models trained
independently; static
averaging struggles
with non-11D distribu-
tions

Minimal security; no
on-chain validation

No defense against
malicious gradient or
model uploads

Homogeneous ML
models; limitedinterop-
erability

Loca model averaging,;
moderate scalability

Centralized coordina
tion; limited auditabili-
ty

comparable gradient-
sharing deep models

required; difficult for
low-resource clients

power devices; not
suitable for multitier
health care

Gradient aggregation
without distillation;
non-11D data reduces
convergence

Very limited support
for complex non-11D
medical data

DP*-sanitized gradients
reduce signal strength
on non-11D data

Uses blockchain only
as consensus layer, not
for role-level access
control

Smart contract man- No trust or participa-
ages DP gradients, not  tion assurance mecha
participation permis-  nism

sions

No adversarial defense
features

Consensus prevents
tampering but not
model poisoning

DP reduces|eakage but
not poisoning

Requiressame model  Single-model FL; No mode interoperabil-

structure for gradient ~ weights must match ity

fusion

Heavy blockchain con- DP gradient exchange Limited to microcon-
sensus overhead limits  increases bandwidth troller networks
scalability needs

All gradient updates ~ Stores only gradient Not designed for regu-
stored on-chain—high  summaries; limited au- lated health care set-
cost dit transparency tings

8FL: federated learning.
BML: machine learning.

%I1D: independent and identically distributed.

4DP: differential privacy.

®RBAC: role-based access control.

fRF: random forest.

9X GB: extreme gradient boosting.

PDT: decision tree.

iSVM: support vector machine.
JKNN: k-nearest neighbors.

KHIPAA: Hedlth Insurance Portability and Accountability Act.
|GDPR: General Data Protection Regulation.

Unlike approaches such as Hasan et al [15], Biscotti [19], and
Chang et a [20], which rely on homogeneous model structures

or  gradient-based

updates,

FedEnTrust

supports

heterogeneity-aware model assignment. Each participant trains
alocally suitable model (eg, random forest, extreme gradient
boosting, decision tree, support vector machine [SVM],

https://diabetes.jmir.org/2026/1/e79166

k-nearest neighbors [KNN]) based on its available resources,
enabling participation from hospitals, clinics, kiosks, and
wearable devices.

FedEnTrust a so differs from blockchain-enabled systems such
as Shalan et al [24] and TinyFL [25]. While these frameworks
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integrate blockchain for logging or access control, they do not
incorporate soft-label knowledge distillation or adaptive
ensemble aggregation to unify heterogeneous model outputs.
FedEnTrust introduces a unique coupling of soft-label—based
digtillation with blockchain-enforced RBAC, enabling secure
verification of participant identity and role prior to model update
submission, on-chain logging of update hashes to ensure
auditability, prevention of malicious or unauthorized
contributions before they influence aggregation, and
interoperability of predictions across diverse model
architectures.

This integration ensures that only authenticated, validated soft
labels contribute to the global model. Thisdesignisparticularly
effective for non-11D and imbalanced health care data settings,
where traditional gradient-averaging approaches struggle.

Module 1: Decentralized Local Training With
Heterogeneous M odels

FedEnTrust begins with a network of decentralized health care
participants, including large hospitals, regional clinics, kiosks,
and personal health trackers, each training its own machine
learning model locally. These models are tailored to each
participant’s computational capabilities and data volume. For
example, high-resource hospitals may use deep neural networks,
while low-resource settings use shallow learning such as KNN
or support vector classifier (SVC) to support real-timeinference
with minimal memory demands.

This heterogeneity-aware model assignment ensures that all
participants, regardless of scale or technical capacity, can
contribute meaningfully. Local training is performed privately
using internal datasets, aligning with privacy regulations such
as HIPAA and GDPR.

Module 2: Knowledge Distillation via Soft Labels

To facilitate collaborative learning without exposing raw data,
participants generate soft labels, probability distributions over
prediction classes (eg, diabetic, nondiabetic). These soft labels
encode richer information than binary outputs and are shared
with acentral aggregator, enabling cross-site knowledge transfer.

Soft Label Generation

Each participant generates soft labels, probability distributions
reflecting its model’s confidence across classes, and transmits
these predictions to the aggregator. Unlike gradient-based
approaches, soft labels create an interoperable representation
across heterogeneous model types. Before being used for
ensemble aggregation, every soft label submission is paired
with metadata including local validation accuracy, model
identifier, and round number. For an input instance x, the
participant’s model outputs a probability vector:

(DPI(X)=[pl,p2,...,pc]ORc, where > c=1Cpc=1
These soft |abel s encapsul ate the model’ s confidence across the
Cclasses and support knowledge transfer without sharing raw
patient data or internal model parameters.

To address differences in how heterogeneous models calibrate
probability outputs, FedEnTrust applies temperature scaling,

https://diabetes.jmir.org/2026/1/e79166
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which smooths the probability distribution by dividing logits
Zi(x)by atemperature parameter T:
(2)Pi(t)(x)=softmax (zi(x)T), T=2

A temperature of T=2 was selected because values greater than
1 produce smoother, less overconfident probability distributions,
which improvesthe stability of aggregation across modelswith
different calibration characteristics. A small temperature (eg,
T=1) can lead to overly sharp probabilities that amplify noise,
while excessively large values dilute useful predictive signals.
Empirical testing showed that T=2 offers an optimal balance.

Dynamic Weight Updates Across Federated Rounds

Once soft labels are generated by each participant model, the
system proceeds to combine these distributed outputs into a
unified global prediction. This ensemble consensus represents
akey step in transferring collective intelligence across al nodes
while respecting the constraints of data privacy and
computational diversity.

The ensembl e aggregation process employs adaptive weighted
soft voting, where more reliable and accurate models are given
stronger influence. For example, a well-resourced clinic with
consistently high validation performance will contribute more
to the global prediction than a basic kiosk with limited data.
However, no participant is excluded; each contributes according
toitsvalidated strength, ensuring fairness and inclusivity in the
learning process. FedEnTrust adaptively updates the influence
of each participant during communication round t. Each
participant evaluates its model using a shared public validation
subset to compute Accit, which is the validation accuracy of
participant i at round t. The ensemble assigns each participant
anormalized contribution weight:

(3)Wi(t)=Acci(t)> j=1NAccj(t)
To prevent dominant institutions (eg, large hospitals with more
data) from exerting disproportionate influence, FedEnTrust
applies weight clipping, capping Witat an upper bound. This
ensures contribution fairness and reducesthe risk of biastoward
specific demographic subpopul ations.

Justification for Heterogeneous Model Assignment

Themodel architectureslisted in Table 2 were selected to reflect
realistic resource constraints and deployment contexts:

« Random forest (hospitals): Hospitals possess sufficient
computational capacity and large datasets; random forest
models capture nonlinear relationships and perform well
on tabular clinical data.

«  XGB (regiona clinics): XGB provides strong performance
under moderate computational resources, making it suitable
for mid-sized clinics.

« Decision trees and KNN (community clinics or kiosks):
These models require minimal training cost and support
real-time inference in low-power environments.

« Linear SYM (wearablesor personal trackers): Linear SVM
has a lower memory footprint than logistic regression and
offers more stable performance on small, noisy
physiological samplestypically produced by wearables.
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Table. Simulated decentralized participants and their models.
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ID Participant Model architecture Key parameters Resource level Weight Remarks
1 Large hospita Random forest n_estima- Very high 0.50 Trains complex
R dptrBreca models on large
tures=0.75 da- datasets; serves as
ta_use=50% a high-capacity
node
2 Urban health kiosk  K-nearest neigh- n_neighbors=5ago- Low 0.05 Designed for low-
bors rithm="auto'da- resource environ-
ta_use=5% mentsusingsimple,
efficient models
3 Regional clinic XGBoost learn- High 0.30 Supports moderate-
g cifvih s ly complex model-
timators=180da- ing on medium-
ta_use=30% sized datasets
4 Community health Decision tree max_depth=Nonecri- Medium 0.10 Runs interpretable
clinic terion='gini'da- tree-based models
ta_use=10% with moderate re-
source needs
5 Personal health Support vector ma-  kernel='lin- Very low 0.05 Uses lightweight
tracker chine ear'C=1.0da- models suitable for
ta_use=5% wearables and em-

bedded devices

This heterogeneity-aware mapping allows each participant to
train a model aligned with its resource profile while till
contributing to a unified ensemble.

Enhanced Knowledge Distillation and Pseudo-Label
Generation

In each communication round t, participant models generate
calibrated soft probability vectors Pit(x), which are aggregated
using dynamically updated participant weights to produce a
global soft prediction.

Our proposed model aggregates the calibrated soft labels using
the dynamic weights to produce a global soft prediction:

(HPLX)=3 i=INWIt[Pit(x)
Because aggregation operates entirely on probability
distributions rather than gradients or model parameters,
FedEnTrust naturally supports heterogeneous machinelearning
architectures across hospitals, clinics, kiosks, and personal
wearable devices while preserving data locality and privacy.

To improve the reliability of knowledge transfer, each
participant’s soft predictions undergo normalization followed
by temperature scaling (with T=2) to smooth overconfident
outputs. The ensemble output is then evaluated using a
confidence-based filtering mechanism, where pseudo-labelsare
generated only if the maximum ensemble probability satisfies:

(5)max(Pt(x))=t

With 1=0.7 Predictions failing this criterion are discarded to
prevent the propagation of uncertainty or noise. Accepted
pseudo-labels are normalized and redistributed to participants,
wherethey are appended to local datasets and used for continued
training in the subsequent round. This feedback loop enables
low-resource participants to benefit from globally distilled
knowledge while retaining local autonomy.

https://diabetes.jmir.org/2026/1/e79166

All  soft-label  submissions are validated through the
blockchain-based RBAC mechanism described in Module 3.
Only soft labels originating from authenticated and authorized
roles (eg, model-provider) are accepted. Validated submissions
areincorporated into an adaptive weighted soft-voting process,
where participant weights are updated based on observed local
performance across rounds. The resulting global outputs are
then redistributed as pseudo-labelsfor the next training iteration,
ensuring robustness against non-IID data distributions,
preventing malicious or fabricated updates, and enhancing
cross-site generalization across heterogeneous health care
environments.

M odule 3; Blockchain-Based Secure Coordination

Overview

Module 3 employs an Ethereum-based smart contract to
authenticate participants, enforce role permissions, and log
immutable update metadata. When a node attempts to upload
soft labels, the smart contract verifies the participant’s role,
identity, timestamp, and declared accuracy. The contract then
generates and stores a hashed representation of the update, which
validator nodes review. Only soft labels that receive approval
from multivalidators are admitted to the aggregation pool. This
ensures tamper resistance, prevents poisoning attacks, and
provides end-to-end traceability for health care compliance
requirements. When a participant attempts to contribute soft
labels, the smart contract performs the following checks:

1. ldentity verification: Confirms that the contributor is a
registered network participant.

2. Rolevalidation: Ensures the contributor holds a permitted
role to submit model outputs.

3. Metadata verification: Confirms the integrity of reported
metrics (eg, accuracy, round number).
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4. Hash logging: Stores a transaction hash to provide
auditability without exposing any data.

Only after passing these checksisthe soft label included in the
aggregation pool. This design prevents poisoned or fabricated
updates from influencing the global model and eliminatessingle
points of failure in participation management. By integrating
RBAC directly with knowledge distillation, FedEnTrust
establishes a secure and transparent trust layer that coordinates
collaborative learning across diverse health care nodes.

Blockchain Platform Selection and Justification

FedEnTrust isimplemented on an Ethereum-compatible private
blockchain network. Ethereum was selected due to its
deterministic smart contract execution, robust security
guarantees, and mature tooling ecosystem. The platform supports

Table. Comparison of blockchain platforms.

Hasan & Li

Solidity-based smart contracts, Remix IDE integration, and
widely adopted standards for access control and event logging.
These characteristics make Ethereum well suited for
privacy-preserving health care collaboration, where verifiable
execution and auditability are required.

Tojustify this choice, we compared Ethereum with 2 commonly
used permissioned blockchain platforms: Hyperledger Fabric
and Corda. Table 3 presents a feature-level comparison of
Ethereum, Hyperledger Fabric, and Corda across network type,
decentralization, smart contract support, privacy mechanisms,
ecosystem maturity, and application alignment. Given the need
for flexible smart contract logic, verifiable coordination, and
broad compatibility with Internet of Things (loT) and health
care prototypes, Ethereum providesthe most practical platform
for FedEnTrust.

Feature Ethereum

Hyperledger fabric Corda

Network type Public or private

Decentralization Highly decentralized

Smart contracts Solidity, robust tooling

Privacy Extensible via Layer-2/private net-
works

Ecosystem Very large devel oper ecosystem

Use aignment Decentralized coordination across

heterogeneous nodes

Permissioned Permissioned

Semi-decentralized Semi-decentralized
Chaincode (Go/Java/Node.js) Contract flows for financial logic

Strong privacy (channels, private
collections)

Strong bilateral privacy

Enterprise-focused Financial institutions

Consortium-style enterprise net-
works

Regulated financial workflows

Adversarial Threat Model and Security Resilience

FL deployments in real-world health care environments may
be exposed to adversarial participants attempting to manipul ate
theglobal moddl, disrupt training, or infer sensitiveinformation.
To address these risks, we construct a structured threat model
covering three primary attack categories. (1) model poisoning;
(2) collusion among compromised participants; and (3)
malicious soft-label injection, where adversaries submit
manipulated pseudo-probabilities to bias the aggregation
process.

FedEnTrust incorporates multiple, tightly coupled defense
mechanisms across its blockchain coordination and ensemble
aggregation layersto provide resilience against these threats.

1. Mode poisoning and malicious soft-label injection: A
compromised participant may attempt to submit adversarial
or fabricated soft labels to influence global predictions.
FedEnTrust mitigates this risk through smart
contract—enforced RBAC, which restricts update submission
exclusively to authenticated participants holding an
authorized model-provider role. Each submission is
accompanied by metadataincluding round number, reported
validation accuracy, and timestamp, which are verified for
internal consistency before acceptance. To ensure integrity
and prevent replay or tampering, all submissions are
cryptographically hashed and logged on-chain. Furthermore,
FedEnTrust employs validator redundancy, requiring
approval from multiple trusted validator nodes (eg, lead
hospitals within the consortium) before a submission is

https://diabetes.jmir.org/2026/1/e79166

incorporated into aggregation, preventing single-node
compromise.

2. Collusion and validator compromise: To reduce the impact
of colluding or compromised participants, FedEnTrust
adopts a consortium-style multivalidator approval
mechanism. No single validator can independently approve
amodel update; instead, aquorum of validators must jointly
authorize submissions. The validator set itself is managed
through governed smart contract functions, allowing secure
updatesto validator membership over time and eliminating
static trust assumptions.

3. Blockchain-specific threats. Public blockchain deployments
may bevulnerableto front-running, transaction reordering,
or gas manipulation attacks. FedEnTrust avoids these risks
by operating on aprivate Ethereum-compatible consortium
network without a public mempool, eliminating
front-running opportunities. Smart contracts use fixed gas
budgets and sequential transaction counters to ensure
deterministic execution and prevent reordering attacks.

4. Privacy leakage through on-chain metadata: Although raw
data and model parameters are never shared, metadata
leakage can still pose privacy risks. FedEnTrust minimizes
exposure by storing only hashed identifiers and
role-verification logs on-chain. No patient-level attributes,
raw predictions, or model parametersarerecorded. All soft
labels remain strictly off-chain and are exchanged only
between authorized participants and the aggregator over
secure channels.

5. Aggregation-level  safeguards:. Beyond  blockchain
enforcement, the adaptive ensembl e layer further mitigates
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adversarial influence by applying temperature scaling,
confidence thresholds, and weight clipping. These
mechanisms limit the amplification of extreme or
adversarial soft-label probabilitiesand restrict the maximum
influence any single participant can exert, even if it reports
high accuracy.

Collectively, these mechanisms establish amultilayered security
architecturethat protects FedEnTrust against common poisoning,
collusion, and manipulation attempts at the coordination and
authorization layers while preserving decentralized operation
and data privacy. The empirical results demonstrate that
unauthorized and malicious submissions are consistently
detected and rejected through blockchain-enforced RBAC and
validator checks. Whilethis study focuses on secure enforcement
and system robustnessrather than controlled adversarial learning
simulations, the framework is explicitly designed to support
future evaluation against targeted and untargeted attacks,
including label-flipping, probability-shifting, and adaptive
adversarial strategies.

Module4: Adaptive M odel Aggregation and Feedback
L oop

After soft labels are aggregated into a global ensemble
prediction, FedEnTrust redistributes this consensus to
participants as pseudo-labels for retraining. This adaptive
aggregation ensures that high-performing models contribute
more to the global prediction, while low-resource nodes still
benefit from the collective knowledge.

This module enables faster convergence across non-11D data,
fair and inclusive participation, and improved generalization
without data sharing.

The result is a balanced feedback loop: local models become
more aligned with the ensemble, improving personalization and
global performance over time.

System Implementation and Evaluation Setup

We evaluated FedEnTrust using the publicly available PIMA
Indians Diabetes Dataset [26], which includes 768 records of
female patients with 8 clinical attributes and a binary diabetes
outcome. Data were preprocessed using the following steps:

1. Outlier detection with IQR and local outlier factor
2. Feature engineering (eg, binning glucose, insulin levels)
3. Normalization using z scores

https://diabetes.jmir.org/2026/1/e79166
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4. Class balancing using the synthetic minority oversampling
technique [27]

As shown in Table 1, to simulate a real-world heterogeneous
environment, the dataset was split across 5 simulated partici pants
with varying data volumes and models. Each participant’s
computational weight was reflected in the aggregation process,
mimicking operational conditions ranging from large hospitals
to low-power personal devices.

Ethical Consider ations

This study exclusively used publicly available, deidentified
secondary datasets. No new data were collected, and no
interaction with human participants occurred. According to
institutional policy and US federa regulations (45 CFR 46),
research involving publicly available, deidentified data does
not congtitute human participant research and is therefore
exempt from institutional review board review. As a result,
institutional review board approval was not sought, and informed
consent was not required. All datasets used in this study were
fully deidentified prior to public release. The data contained no
direct or indirect identifiers, and no attempt was made to
reidentify individuals. Data were accessed and analyzed in
accordance with the terms and conditions specified by the data
providers. No participants were recruited for this study, and no
compensation was provided.

Results

Model Performance

We evaluated the FedEnTrust framework across 5 heterogeneous
participants over 15 communication rounds, focusing on
prediction accuracy, precision, recall, and F;-score. Theresults
highlight how collaborative learning and adaptive aggregation
significantly enhance performance, especialy for participants
with limited data and computational resources.

Figure 2 showsthe accuracy trajectories of each participant over
the FL rounds. Participant 1 (random forest), equipped with the
largest dataset and the highest computational power, consistently
achieved the highest accuracy, acting as a de facto “teacher”
during knowledge distillation. Its influence helped guide
improvements in lower-resource nodes, such as participant 5
(SVC) and participant 2 (KNN), which showed steady gains
over time.
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Figure 2. Globa model accuracy improves over ensemble federated round. DT: decision tree; KNN: k-nearest neighbors; RF: random forest; SV C:
support vector classifier; XGB: extreme gradient boosting.
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Figure 3 presents the corresponding model loss curves. All  maintained the lowest loss throughout, while participants 4 and
participants experienced substantial loss reduction early on, 5 showed marked improvement from higher initial losses,
with convergence observed by round 15. Participant 1 demonstrating the benefit of federated collaboration.
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Figure 3. Federated model losses over rounds. DT: decision tree; KNN: k-nearest neighbors; RF: random forest; SV C: support vector classifier; XGB:

extreme gradient boosting.
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Table 5. Federated Models Performance after 15 rounds

Comparing theinitial and federated performance results (Tables
4 and 5) reveals substantial gains for al participants after
collaborative training. Accuracy improvements of up to 28%
are observed in lower-resource participants, and F;-scores

Table. Initial models' performance.

8 9 10 11 12 13 14 15

Rounds

increase consistently across all models, demonstrating the
effectiveness of knowledge distillation and adaptive aggregation
in heterogeneous environments. For example, participant 4
(decision tree) improves its F;-score from 0.71 to 0.88, while
participant 3 (XGBoost) improves from 0.64 to 0.85,
highlighting the benefits of ensemble-driven knowledge transfer.

Participant Accuracy Precision Recall F,-score
1 0.78 0.85 0.84 0.83
2 0.71 0.73 0.71 0.72
3 0.65 0.63 0.65 0.64
4 0.70 0.73 0.71 0.71
5 0.67 0.67 0.68 0.67
Table. Federated models’ performance after 15 rounds.
Participant Accuracy Precision Recall F1-score
1 0.93 0.92 0.94 0.93
2 0.81 0.80 0.86 0.83
3 0.84 0.85 0.86 0.85
4 0.83 0.87 0.90 0.88
5 0.80 0.79 0.87 0.83

To further characterize performance sability across at round 15 and the mean (SD) of accuracy over all 15 federated
communication rounds, Table 6 reports both the final accuracy
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behavior for all participants, even for lightweight models such
as KNN and SVC. These results confirm that FedEnTrust
effectively accommodates device and data heterogeneity while
maintaining strong predictive performance, privacy preservation,

Table. Federated model accuracy and variability across 15 rounds.

Hasan & Li

and decentralized operation. Tailored model architectures,
aligned with participant resource constraints, ensure balanced
contribution and efficient deployment across the collaborative
learning process.

Participant Model Final accuracy Accuracy, mean (SD)
1 RF2 0.93 0.91 (0.04)
2 KNNP 0.81 0.79 (0.03)
3 XGBC 0.84 0.81 (0.05)
4 oTd 0.83 0.80 (0.03)
5 svce 0.80 0.76 (0.03)

3RF: random forest.

BK NIN: k-nearest neighbors.

®X GB: extreme gradient boosting.
9DT: decision tree.

€SV C: support vector classifier.

To assess whether the performance differences between
FedEnTrust and baseline models were statistically meaningful
on the PIMA Indians Diabetes Dataset, we conducted a
nonparametric bootstrap significance analysis using the same
held-out test set as the main evaluation. Because accuracy,
precision, recall, and F;-score are bounded metrics that may
deviate from normality, bootstrap resampling provides a
distribution-free and robust alternative to parametric methods
such as the t test. We used a 2-tailed t test, as no directional
assumption wasimposed a priori and the objective wasto assess
whether therewas any statistically significant difference between
the compared methods.

We generated B=1000 bootstrap resamples by sampling test
instances with replacement from the held-out evaluation set.
For each bootstrap resample, we evaluated FedEnTrust and the
decentralized baseline from Blockchain-FL with Differential
Privacy [20], which represents the closest methodologically
comparable prior work under similar privacy and
decentralization constraints. This procedure produced
1000-sample empirical distributionsfor both models' accuracy.
To quantify comparative performance, we computed the
bootstrap metric difference for each resample:

(6)A(b)=MFedENTrust(b)-MBasealing(b)
where Mb representsthe accuracy, precision, recall, or F;-score

on bootstrap resampl e b. We then constructed 95% Clsfor each
metric difference using the percentile method.

Table. Blockchain system configuration.

The bootstrap Cl analysis indicates that FedEnTrust achieves
statistically significant performance improvements over the
decentralized blockchain-based FL baseline [20]. Specifically,
FedEnTrust attains a mean accuracy of 0.842 with a 95%
bootstrap Cl of 0.831-0.853, compared to 0.827 (0.814-0.839)
for the decentralized baseline. The resulting accuracy difference
of +0.015yieldsa95% CI of 0.004-0.027, which excludes zero,
indicating statistical significance at a=.05. Theseresults confirm
that the performance gains observed for FedEnTrust are not due
to random variation but rather stem from its integration of
heterogeneous ensemble learning with blockchain-backed
coordination under privacy constraints.

These findings validate that FedEnTrust’s performance gains
are not only empirical but statistically robust, reinforcing the
effectiveness of combining heterogeneous ensemble learning
with blockchain-backed coordination in constrained health care
environments.

Blockchain Performance

We deployed the smart contract with 6 key functions and
evaluated it under a redlistic configuration consisting of 5
decentralized health care participants and 1 global aggregator.
These components facilitated secure collaboration, access
management, and federated training. The details are shown in
Table7.

Operation Count Description

Total registered participants 5 Registered using registerClient()

Federated coordination nodes 1 Global aggregator for accuracy aggregation and
model ensemble

Smart contract functions deployed 6 Includes registration, role assignment, update

logging, and access checks

https://diabetes.jmir.org/2026/1/e79166
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To assess computational efficiency, we monitored key metrics
such as gas consumption, datasize, and latency for major smart
contract operations. These measurements reflect the
cost-effectiveness and responsiveness of blockchain-mediated
tasks.

Table. Smart contract performance metrics.

Hasan & Li

These operationsincur gas overhead beyond Ethereum’s 21,000
base gas due to additional computation, state updates, and event
emissions. The model Update() function, for example, consumes
about 98,560 gas (~295 bytes of encoded parameters), balancing
cost with functional depth and traceability (Table 8).

Operation Average gas cost Data size (bytes) Average latency (ms)
Client registration 118,073 370 220
Role assignment 109,820 345 210
Model update 98,560 295 195
Model aggregation 105,310 315 215

Despite dight delays compared to traditional systems, the
observed latency (195 - 220 ms) remains acceptable for health
care applications, considering the gains in trust, verifiability,
and tamper resistance. To assess longer-term stability, we
analyzed all 212 smart contract operations recorded during the
training. All valid transactions executed successfully without

Table. Transaction integrity and enforcement metrics.

anomalies, indicating stable performance across repeated
interactions. The expanded evaluation in Table 9 includes
average latency, latency range, and variability across extended
cycles. These findings support the suitability of the blockchain
layer for multiround federated training.

Category Values Description

Total transactions 212 All smart contract operations

Valid transactions 201 Successfully executed by authorized participants

Rejected transactions 11 (5.19%) Unauthorized queries (6), malicious submissions
(3), invalid role updates (2)

Successrate 100% All valid transactions completed without error

Average latency 21.4ms Mean execution time for valid transaction

Latency range 148 - 36.2ms Minimum and maximum observed latency

SD +4.7ms Variability in execution time

Latency over extended cycles (100 iterations)
Finality time ~1block(~19)

Estimated throughput ~47 tx/s

Mean: 22.1 ms; variation:+5.3 ms

Long-term stability testing simulating multiround
FL®

Deterministic finality in private PoAP Ethereum
network

Consistent with private Ethereum networks

8FL: federated learning.
bpoA: proof-of-authority.

Asillustrated in Figure 4, unauthorized model submissions are
automatically rejected, triggering an on-chain error: “Client not
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registered.” This ensures that only authenticated nodes
contribute to the learning process, strengthening data integrity.
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Figure 4. Accessrejection for unauthorized participant.
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Throughout 15 communication rounds, the smart contract
reliably supported secure, real-time exchange of soft label
predictions and model aggregation updates. For instance,
participant 1 improved from 78% to 93% accuracy, while
participant 4 rose from 70% to 83%, al while maintaining
privacy and resisting tampering.

These results underscore the effectiveness of combining
blockchain with federated ensemblelearning to achieve scalable,
secure, and privacy-preserving Al in health care environments.

Discussion

Principal Findings

Thisstudy presents FedEnTrust, ablockchain-enabled federated
ensemble learning framework that offers a privacy-preserving
and scalable solution for decentralized diabetes prediction. Our
system effectively balances accuracy, privacy, and adaptability
by integrating diverse machine learning modelswith knowledge
distillation and adaptive weighted aggregation. With apredictive
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accuracy of 84.2%, FedEnTrust demonstrates competitive
performance while maintaining strict privacy guarantees and
supporting heterogeneous health care participants ranging from
hospitals to wearable devices.

The framework’s integration with blockchain smart contracts
provides secure participant coordination, role-based access
control, and transparent model validation without incurring
substantial latency or resource overhead. Importantly, our results
show that even low-resource participants benefit from
collaboration through soft label exchange, enabling equitable
participation in the learning process.

Comparison With Prior Work

Table 10 summarizes the performance of FedEnTrust against
the existing centralized and decentralized methods applied to
the PIMA Indians Diabetes Dataset. While centralized deep
learning approaches achieve dightly higher accuracy (eg, 95.2%
with light gradient boosting machine, 96.1% with convolutional
neura networks), these models require full data centralization,
sacrificing privacy and increasing system vulnerability.
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Table. Comparative performance on the PIMA Indians Diabetes Dataset.

Model or study Accuracy (%) Precision (%) Recall (%) F1-score (%) Notes
FedEnTrust 84.2 84.6 88.6 86.4 Federated ensemble
with adaptive weighted

voting and blockchain
smart contract integra-

tion
ML classifiers ap- 95.2 N/AP N/A N/A Centralized; evaluated
proach [28] multiple classifiers

(LR, XGBY, GB®,
DT, ETY, RF", and

LGBM') on PIMA Indi-
ansdataset; best accura-

cy achieved by LGBM
Recursivefeatureelim-  90.7 90.5 90.7 90.5 Centralized; utilized
ination with agated re- RFE-GRU on PIMA
current unit RFE-GRU/ Dataset
[29]
Hybrid classification ~ 83.1 N/A 64.8 N/A Centralized; applied
approach [30] SVMX, RF, DT, naive
Bayes with K-means
preprocessing; best ac-
curacy achieved by
SVM
Three predictivealgo-  77.1 N/A N/A N/A Centralized; applied
rithms [31] LR, RF,and ANN'; LR
achieved the best accu-
racy (77.10%) with
AUC™ 0.83 over RF
and ANN
Soft vating ensemble  79.1 73.1 71.6 80.9 Centralized; combined
[32] RF, LR, and naive
Bayes classifiers
Ensemble hierarchicad 83.1 25.0 (positive)/98.6 38.4 (positive)/90.2 82.8 Centralized; applied
model [33] (negative) (negative) DT and LR, fused by
neural network
Stacking ensemble[25] 77.1 N/A N/A N/A Centralized; stacking
ensemble of ML mod-
els; accuracy achieved
using cross-validation
protocol
Deep learning pipeline  92.3 N/A N/A N/A Centralized; deep
[34] learning pipeline using
VAE" for dataaugmen-
tation, SAE® for fea-
ture augmentation, and
CNNPfor classification
Deep CNN with corre-  96.1 94.4 94.4 94.5 Centralized; applied
|ation-based features deep CNN with feature
[35] sel ection based on cor-
relation
Blockchain-FL with 82.7 N/A N/A N/A Decentralized; imple-
adaptive DP [20] mented federated

learning with differen-
tial privacy using

blockchain technology
3ML: machine learning.
BN/A: not applicable.
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°LR: logistic regression.

4% GB: extreme gradient boosting.

€GB: gradient boosting.

DT: decision tree.

9ET: extratree.

PRF: random forest.

iLGBM: light gradient boosting machine.
JRFE-GRU: Recursive Festure Elimination with Gated Recurrent Unit.
ksvm: support vector machine.

|ANN: artificial neural network.

MAUC: area under the curve.

™AE: variational autoencoder.

OSAE: stacked autoencoder.

PCNN: convolutional neural network.

In contrast, FedEnTrust improves over recent decentralized
models, such as blockchain-integrated FL with differential
privacy (accuracy=82.7%), by incorporating ensemblelearning
and adaptive aggregation. Despite the constraints of data
fragmentation and heterogeneity, our framework maintains
robust performance across al key metrics, including precision
(84.6%), recall (88.6%), and F;-score (86.4%).

FedEnTrust achieves a favorable trade-off between privacy,
generalizability, and computational practicality, making it well
suited for real-world deployment in regulated health care
environments.

Ethical Al Considerations: Fairness, Transparency,
and Accountability

Ethical Framework

Ethical concerns are central to the deployment of Al systems
in health care, where unegual accessto computational resources
and imbalanced data distributions may inadvertently create or
reinforce model biases. FedEnTrust incorporates several design
principlesaligned with emerging ethical Al guiddlines, including
those recommended by the World Health Organization and
major Al governance frameworks.

Fairness Across Heterogeneous Participants

Health care ingtitutions vary substantially in data volume,
demographic composition, and computational capacity, which
can introduce systematic biasin collaborative learning systems.
FedEnTrust is designed to mitigate such bias by supporting
heterogeneity-aware participation, allowing low-resource nodes
to contribute using models aligned with their capabilitieswithout
sacrificing predictive performance. Adaptive weight clipping
is applied during aggregation to prevent high-resource
ingtitutions from disproportionately dominating the global
ensemble. In addition, temperature-calibrated soft labels are
used to reduce overconfidence from models trained on larger
or more homogeneous datasets, while confidence thresholding
ensures that noisy or low-confidence predictions are not
propagated across participants. Together, these mechanisms
promote more balanced influence across diverse health care
contributors and support fairer model outcomesin heterogeneous
federated environments.
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Transparency and Auditability

Transparency in FedEnTrust is enabled through the
blockchain-based coordination layer, which providesimmutable
audit trails for al update submissions and verifiable records of
role validation events. Each model contribution is traceably
logged, allowing the system to record which institutions
participated in and influenced each training round. This
tamper-resistant logging mechanism enhances accountability,
supports post hoc auditing, and increases trust among
participating health care entities without exposing sensitive data
or model parameters.

Privacy and Data Minimization
FedEnTrust adheres to privacy-by-design principles:

« Raw patient dataremain strictly on the device

«  Only soft-label vectors and hashed metadata are transmitted

« Noidentifiable information is stored on-chain, supporting
HIPAA, GDPR, and similar regulatory frameworks

Role-based access ensuresthat only authorized clinical entities
may participate.

Accountability and Governance

The multivalidator consensus layer enables shared governance
rather than reliance on a single coordinating institution. This
creates amore accountabl e decision-making process and aligns
with ethical expectations for distributed medical Al systems.

Blockchain Performanceand Practical Consider ations

I mplementation Considerations

Beyond empirical accuracy and security validation, the practical
deployment of blockchain-enabled FL systems in health care
requires careful consideration of scalability, cost, and regulatory
compliance. While the blockchain layer in FedEnTrust
demonstrated stable and reliable performance under controlled
experimental conditions, real-world health care environments
introduce additional operational and governance challenges.
This section discusses key practical considerationsand outlines
how FedEnTrust is designed to address them.

Scalability and Throughput

Public blockchain platforms, such as the Ethereum main net,
faceinherent constraints rel ated to transaction throughput, block
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confirmation latency, and network congestion. These limitations
can lead to unpredictable delays and may not support the
repeated coordination required across multiple FL rounds. To
addressthis, FedEnTrust is designed for deployment on private
or consortium-based Ethereum networks, where consensus
parameters, block times, and validator participation can be
tailored to health care workflows. Such configurations enable
deterministic execution and consistent performance, as observed
in our evaluation. Nevertheless, large-scale deployments
involving many institutions may require additional
enhancements, including optimized validator load balancing,
hierarchical or sharded blockchain structures, and integration
with layer-2 scaling mechanismsto further increase throughpuit.

Cost Variability and Resource Requirements

In public blockchain environments, gas fees fluctuate
dramatically based on network conditions, resulting in variable
operational costs for smart contract execution. This variability
is incompatible with cost-sensitive health care environments.
Deploying FedEnTrust on a private Ethereum network
eliminates transaction fees and allows institutions to control
computational and storage overhead. However, operating such
networks requiresinstitutional commitment to maintain validator
nodes, ensure uptime, and manage governance policies. Future
work will investigate cost-benefit trade-offs between private,
hybrid, and layer-2 blockchain configurations for FL.

Regulatory and Compliance Constraints

Health care systems must comply with strict privacy regulations
such as HIPAA, GDPR, and provincial or national
data-protection laws. These frameworks introduce challenges,
such as prohibiting the storage of patient data or identifiers
on-chain, requiring transparent audit trails for collaborative
analytics, and ensuring that cross-institution coordination
adheres to data-sharing agreements.

FedEnTrust addresses these concerns by storing only hashed
metadata and role-verification entries on-chain, keeping soft
labelsand model outputsentirely off-chain. However, real-world
deployment requires integration with institutional governance
mechanisms to ensure compliance documentation, legal
interoperability among ingtitutions, and formal auditing
procedures.

Generalizability to Multimodal and L ongitudinal
Health Care Data

Although the PIMA dataset provides a controlled benchmark
for evaluating prediction accuracy, it does not reflect the
complexity of real-world clinical environments. Modern health
care systems generate multimodal data that may include
structured electronic health record fields, laboratory values,
medical imaging, clinician notes, and continuous wearable
sensor streams. Additionally, many health conditions, including
diabetes, require longitudinal modeling to capture evolving
physiological states over time.

FedEnTrust is designed to naturally extend to these scenarios.
Theframework’s heterogeneity-aware model assignment allows
each participant to select model architectures aligned with its
data modality and computational resources. For example,
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hospitals could train sequence models (eg, long short-term
memories or transformers) on longitudinal EHR data, while
wearable devices may contribute short-term physiological
features via lightweight SVM or tree-based models. The
knowledge-distillation component operates on probability
distributions and is therefore agnostic to model type, enabling
soft-label fusion across diverse modalities and temporal
structures. Thiscapability is particularly suitablefor integrating
outputs from time-series models, tabular models, and sensor
analytics.

The blockchain-based coordination layer also supports
generalization, as its role-based validation and update logging
apply to any model output regardless of modality. Future work
will apply FedEnTrust to multicenter datasets such as
MIMIC-1V, NHANES, and integrated wearable-EHR cohorts
to evaluate its performance under more heterogeneous and
clinically realistic conditions.

Limitations
Despite promising results, several limitations remain:

«  Dataset representativeness. The PIMA dataset islimited in
scope and population diversity. Future work should evaluate
FedEnTrust on broader, real-world datasets from varied
demographics and geographies.

« Extreme client heterogeneity: Devices with ultra-low
resources may <till face difficulties in real-time model
adaptation. Exploring ultra-lightweight architectures and
communication compression techniques is akey next step.

« Controlled blockchain simulation: Our blockchain
operations were simulated under stable conditions. Future
deployment on public testnets or mainnets is necessary to
assess real-world transaction delays, scalability, and cost
variability.

«  Advanced threat modeling: While the smart contract blocks
unauthorized actions, adversarial behaviors such as
collusion or model poisoning were not addressed. Future
extensions may integrate anomaly detection and audit trails
to enhance system resilience.

Although the PIMA Indians Diabetes Dataset is a
well-established benchmark for evaluating diabetes prediction
models, its limited demographic diversity and relatively small
size restrict the generalizability of the findings. The smulated
heterogeneous environment in Table 2, while constructed to
reflect realistic participant variability, does not fully replicate
the complexity of multi-institution health care settings, where
differencesinclinical practice, sensor characteristics, and patient
demographicslead to substantially wider non-11D distributions.
Accordingly, the results presented here should be viewed as a
controlled feasibility demonstration rather than acomprehensive
real-world validation.

Conclusions

This study presents FedEnTrust, a secure and intelligent
federated ensemble learning framework for privacy-preserving
diabetes prediction. Our approach addresses key challengesin
decentralized health care Al, including data privacy, system
trust, and participant heterogeneity, without requiring accessto
raw patient data.
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By integrating knowledge distillation and adaptive ensemble
aggregation, the framework enables resource-aware
contributions from a diverse range of participants, from
high-performance hospital systems to low-power personal
devices. The experimental results demonstrate consistent
improvementsin predictive performance across all participants,
validating both the effectiveness and inclusiveness of the design.

A central innovation is the blockchain-enabled coordination
layer, which ensures secure registration, role-based access

Funding
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control, and verifiable model updates. Smart contract simulations
confirm the system’s efficiency, low latency, and robustness
against unauthorized actions, supporting scalable and
tamper-resistant deployment in health care environments.

In sum, FedEnTrust offers a practical, scalable solution for
secure, decentralized medical Al, balancing privacy,
performance, and trust. Futurework will extend thisframework
to additional clinical domains, multisite studies, and dynamic
personalization for broader impact in real-world health care.
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Abstract

Background: Sulfonylureas are commonly prescribed for managing type 2 diabetes, yet treatment responses vary significantly
among individuals. Although advances in machine learning (ML) may enhance predictive capabilities compared to traditional
statistical methods, their practical utility in real-world clinical environments remains uncertain.

Objective: This study aimed to evaluate and compare the predictive performance of linear regression models with several ML
approachesfor predicting glycemic response to sulfonylureatherapy using routineclinical data, and to assessmodel interpretability
using Shapley Additive Explanations (SHAP) analysis as a secondary analysis.

Methods: A cohort of 7557 individuals with type 2 diabetes who initiated sulfonylurea therapy was analyzed, with all patients
followed for 1 year. Linear and logistic regression models were used as baseline comparisons. A range of ML modelswas trained
to predict the continuous change in hemoglobin A, (HbA ) levels and the achievement of HbA . <58 mmol/mol at follow-up.
These models included random forest, extreme gradient boosting, support vector machines, a conventional feedforward neural
network, and Bayesian additive regression trees. Model performance was assessed using standard metrics including R and root
mean squared error for regression tasks and area under the receiver operating characteristic for classification. In a subset of 2361
patients, nonfasting connecting peptide (C-peptide) was analyzed as a proxy for (3-cell function. SHAP analysis was performed
to identify and compare key predictors driving model performance across methods.

Results: All models exhibited similar performance, with no significant advantages of ML techniques over linear regression.
For continuous outcomes, Bayesian additive regression trees demonstrated the highest R? (0.445) and lowest root mean sgquared
error (0.105), though the differences among models were minimal. For the binary outcome, extreme gradient boosting achieved
the highest area under the receiver operating characteristic curve (0.712), with Cls overlapping those of other models. Acrossall
models, baseline HbA ;. was consistently the primary predictor, explaining the majority of the variance. SHA P anal yses confirmed
that baseline HbA ., age, BMI, and sex were the most influential predictors. Sensitivity analyses and hyperparameter tuning did
not significantly improve model performance. In the C-peptide subset, higher C-peptide levels were associated with greater
glycemic improvement (f=-3.2 mmol/mol per log(C-peptide); P<.001).

Conclusions: Inthislarge, population-based cohort, ML modelsdid not outperform traditional regression for predicting glycemic
response to sulfonylureas. These findings suggest that limited gains from ML likely reflect an absence of strong nonlinear or
high-order interactionsin routine clinical data and that available features may not capture sufficient biological heterogeneity for
complex modelsto confer added benefit. The inclusion of a C-peptide subset provides additional mechanistic insight by linking
preserved (3-cell function with treatment response.

(JMIR Diabetes 2026;11:e82635) doi:10.2196/82635
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drug response; glycated hemoglobin; linear regression; machine learning models; treatment response prediction; type 2 diabetes
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Introduction

Sulfonylureas are among the most commonly prescribed classes
of glucose-lowering medications for individuals with type 2
diabetes. Their cost-effectiveness and accessibility make them
particularly valuable in resource-constrained settings [1].
However, significant variability exists in glycemic responses
among individuals. This variability is influenced by various
clinical and biological factors, such as age, kidney function,
and genetic predispositions [2,3]. Identifying predictors of
treatment responseis essential for advancing precision medicine
approaches and minimizing trial-and-error prescribing practices

[4].

Because sulfonylureas lower glucose primarily by stimulating
insulin secretion from pancreatic [3-cells, the degree of preserved
[3-cell function, often estimated by circul ating connecting peptide
(C-peptide) [5], may influence treatment response. However,
such markers arerarely availablein rea-world datasets and are
not routinely included in prediction studies.

Machine learning (ML) methods have shown promise in
predicting treatment responses more accurately than traditional
regression models, particularly due to their ability to handle
complex, nonlinear interactions between variables without
requiring prespecified assumptions [6,7]. In this context, ML
approaches can capture subtle, multidimensional relationships
that may be overlooked by traditional models, efficiently process
large-scale longitudinal data, and generate data-driven insights
that inform treatment selection. ML also offers better integration
of diverse data types and improved interpretability through
explainable Al, increasing clinical applicability [8]. Despite
this promise, relatively few studies have focused on modeling
glycemic response in diabetes using real-world data [9]. This
gap in research presents a significant opportunity for further
investigation.

Here, we use sulfonylurea response as an exemplar of diabetes
drug response, due to its widespread use and the availability of
clinical data. We evaluate and compare the efficacy of 5 ML
models, including random forest, support vector machines,
extreme gradient boosting (XGBoost), a conventional
feedforward neural network (NN), and Bayesian additive
regression trees (BART), in predicting the glycemic response
to sulfonylureasin patients with type 2 diabetes. These models
are compared with standard linear and logistic regression for
continuous (change in hemoglobin A, [HbA;]) and binary
(achievement of HbA ;. <58 mmol/mol) outcomes. Analyses
were conducted using a large real-world cohort from the
GoDARTS (Genetics of Diabetes Audit and Researchin Tayside
Scotland) study, including a biologically informative subset
with C-peptide measurements to assess the contribution of 3-cell
function.

In addition to comparing predictive performance across models,
we conducted a secondary analysis to examine feature
contributions using Shapley Additive Explanations (SHAP)
[10]. Thisanalysisallowed usto determinewhether ML-derived
feature importance aligns with the predictors identified by
traditional regression approaches, providinginsight into clinical

https://diabetes.jmir.org/2026/1/e82635
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interpretability and the practical utility of ML for informing
treatment choice.

Methods

Study Population

The data were obtained from the GoDARTS [11]. This
population-based cohort links prescription, clinical, and
laboratory records for individual s with diabetes in Tayside and
Fife. Theinclusion criteriaincluded patientswith type 2 diabetes
who initiated sulfonylurea therapy (either as monotherapy or
in combination), had a baseline HbA ;. measurement (defined
as the closest value within 183 days before to 7 days after
treatment initiation), and afollow-up HbA ;. measurement after
a 1-year period. The 183-day window was selected to balance
data availability and clinical relevance. For this analysis, only
2 HbA . values per patient were used, 1 at baseline and 1 at
follow-up, in line with the model’s aim of predicting glycemic
response from initial clinical features.

Ethical Considerations

Data provision and linkage were carried out by the University
of Dundee Headth Informatics Centre, with analysis of
anonymized data performed in an 1SO27001 and Scottish
Government—accredited secure safe haven. Health Informatics
Centre standard operating procedures were reviewed and
approved by the National Health Service (NHS) East of Scotland
Research Ethics Service (22/ES/0034), and consent for this
study was obtained from the NHS Fife Caldicott Guardian.
Under these approvals, secondary anaysis of anonymised
routine healthcare data does not require additional participant
consent or compensation.

Basaline Predictor Variables

Baseline clinical featuresincluded age, sex, HbA ., BMI, total
cholesteral, high-density lipoprotein (HDL ) cholesterol, smoking
status, systolic blood pressure, alkaline phosphatase, alanine
transaminase, serum potassium, serum creatinine, bilirubin, and
albumin. These variables were selected based on their
availability in routine care and their known or suspected
relevanceto glycemic outcomes[12]. Except for baseline HbA
(asdefined above), al measurements were defined asthe closest
recorded value within 2 years before to 90 days after
sulfonylureainitiation.

To estimate average daily sulfonylureadose, prescription records
were used to extract drug strength and quantity dispensed. Five
sulfonylureas were included: gliclazide, glipizide, glimepiride,
glibenclamide, and tolbutamide. Each prescription’s dose was
standardized by dividing the prescribed dose by the drug's
maximum recommended daily dose (as per the British National
Formulary). This yielded a standardized dose unit, which was
then multiplied by the number of tablets prescribed per
prescription to calculate the total standardized dose. For each
patient, the total dose was summed across all prescriptions,
excluding the last one, and divided by treatment duration to
derive the average daily dose. This dose was then categorized
into low, medium, and high using quartiles.
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Outcome Definitions

The primary continuous outcome was defined as the change in
glycated hemoglobin (HbA;.), measured in millimoles per mole,
from baseline (at the time of sulfonylurea initiation) to the
follow-up measurement closest to 12 months, within awindow
of 6-15 months.

The binary outcome was defined as whether a patient achieved
afollow-up HbA ;. level below 58 mmol/mol.

Data Preparation

To ensure consistency and compatibility with ML models,
several preprocessing stepswere applied. Continuous variables
with skewed distributions underwent log transformation to
approximate a normal distribution [13], enhancing model
stability and reducing theinfluence of extremevalues. Following
this, all continuous predictors, including laboratory test results
and physiological measurements, were scaled to arange between
0and 1 using min-max normalization [14]. Thisrescaling placed
variables on a uniform scale, which is particularly important
for algorithmslike NNsthat are sensitive to variable magnitudes.
Categorical variables (eg, sex, smoking status, treatment group,
average daily dose) were converted using one-hot encoding to
make them compatible with model inputs.

Missing Data Il mputation and Collinear ity Assessment

Patients missing either baseline or follow-up HbA,
measurements were excluded. For remaining clinical predictors,
missingness was below 10% and not clustered within specific
individuals. Missing values were imputed using multiple
imputation by chained equations [15] implemented in R (mice
v3.18.0). Fiveimputed datasets were generated with 50 iterations
each, using predictive mean matching for continuous variables.
Full details of the imputation model are provided in Section 1
in Multimedia Appendix 1. Convergence was assessed using
the mean and variance of each variable across iterations and
comparing distributions of observed and imputed values.
Analyses were performed on pooled estimates derived using
Rubin’srules[16].

Collinearity among predictors was evaluated using variance
inflation factors (VIFs) [17]. Predictorswith VIF values greater
than 5 were reviewed for redundancy. In our final models, VIFs
ranged from 1.06 to 1.5, indicating no meaningful
multicollinearity. As a sensitivity check, strongly correlated
clinical variables (r > 0.8) were examined, and when overlap
occurred (eg, estimated glomerular filtration rate vs serum
creatinine), the variable more routinely and reliably measured
in clinical practice (serum creatinine) was retained.

Statistical Analysis. Baseline Models

Initial statistical analyseswere conducted using linear regression
[18] for the continuous outcome and logistic regression for the
binary outcome. These models identified baseline associations
between clinical predictors and glycemic response to
sulfonylurea therapy. Logistic regression estimated the
probability of achieving an HbA ;. <58 mmol/mol. Of the 7557
individuals included, 3818 achieved the target, and 3739 did
not.

https://diabetes.jmir.org/2026/1/e82635
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Residualization of Baseline HbA ;.

To disentangle treatment response from baseline glycemia,
changein HbA . wasregressed on baseline HbA .. Theresiduals
from this model were used as outcomes for ML analyses. This
allowed the identification of predictors influencing glycemic
response independent of baseline HbA . levels[19].

ML Models

Five ML models were implemented, reflecting diverse
algorithmic strategies:

1 Random forest: An ensemble method that constructs
multiple decision trees on bootstrapped data and aggregates
their predictions [20].

2. Support vector machines. A kernel-based classifier that
establishes an optimal separating hyperplane [21].

3. XGBoost: A boosting technique that sequentially builds
trees to minimize residua error [22].

4. NNs. A conventional feedforward NN (multilayer
perceptron) trained using resilient backpropagation.
Comprising layers of interconnected neurons, NNs excel
a modeling complex relationships and require larger
datasets and regularization to mitigate overfitting [23].

5. BARTs A Bayesian ensemble method that combines
multiple regression trees and estimates uncertainty in
predictions [24]. BART is noted for strong performancein
clinical applications [25-27].

Modd I mplementation

For model development, a 2-stage validation framework
combining cross-validation and a held-out test set was used.
Thedatawere randomly split into a70% training set and a30%
held-out test set. Within thetraining set, 10-fold cross-validation
[18] was used for hyperparameter tuning and model selection
to enhance model stability and reduce overfitting. Final
performance was evaluated on the held-out test set, which
remained unseen during training.

All analyses were performed in R (version 4.3.0). A detailed
description of the packages and functions used for each model
is presented in Section 2 in Multimedia Appendix 1, and
XGBoost and NN hyperparameters are provided in Sections 3
and 4in Multimedia Appendix 1, respectively. All preprocessing
and modeling code is publicly available on GitHub [28].

Feature Importance

Toidentify the clinical features most strongly influencing model
predictions, we assessed feature importance using SHAP values
along with the built-in variable importance metrics from each
model. SHAP values quantify the contribution of individual
predictors to model outputs, enabling transparent,
model-agnostic interpretation. Although SHAP can be applied
to multiple model types, our results focused on the XGBoost
model becauseit showed optimal predictive performance. SHAP
summary plots were generated to visualize the magnitude and
direction of feature effects, ranking predictors by their mean
absolute SHAP values. Comparative plots across models were
generated to visualize predictor impact on treatment response.
Thisunified approach supported consi stent eval uation of feature
relevance across models and enhanced clinical interpretability.
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Perfor mance Evaluation

Model performance was assessed separately for the continuous
and binary outcomes. For the continuous outcome, evaluation
metrics included root mean squared error (RMSE), mean
absolute error, and the coefficient of determination (R2), which
indicates the proportion of variance in the outcome explained
by the model [29,30].

For the binary outcome, performance was evaluated using
standard classification metrics: areaunder the receiver operating
characteristic curve (AUC), accuracy, sensitivity (recall), and
specificity [31,32]. In the linear regression models, regression
coefficients were interpreted to assess the direction and
magnitude of each predictor’s association with the outcome,
while P values indicated the statistical significance of these
associations. An R value provided an overall measure of model

https://diabetes.jmir.org/2026/1/e82635
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fit, and a P value below .05 was considered statistically
significant.

To evaluate differences in performance across models, a
resampling-based approach was used to comparetheir predictive

metrics [33]. Pairwise comparisons were conducted to assess
whether any model significantly outperformed the others.

Results

Cohort Characteristics

The study included 7557 individuals with type 2 diabetes who
initiated sulfonylurea therapy and had both baseline and
follow-up HbA ;. values available. The cohort had a mean age
of 63.7 (SD 11.8) years, and 57.9% (n=4377) were male. The
mean baseline HbA ;. was 76.5 (SD 16.7) mmol/mol (Table 1).
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Table. Baseline demographic and clinical characteristics of the study population.
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Clinical variable

Sulfonylurea cohort (N=7557)

Age at therapy initiation (y), mean (SD)
Sex, n (%)

Male

Female
Average daily dose, n (%)

Low

Medium

High
Duration of diabetes (y), mean (SD)
Duration of diabetes, n (%)

0 - 1years

1- 5years

>5 years

Time of treatment (mo), mean (SD)

Time from baseline HbA 1.2 measurement to treatment start (d), mean
(SD)

Year of drug start, mean (SD)

BMI (kg/m?), mean (SD)

Total cholesterol (mmol/L), mean (SD)
HDLP cholesterol (mmol/L), mean (SD)
Serum creatinine (umol/L), mean (SD)
Albumin (g/L), mean (SD)

Bilirubin (umol/L), mean (SD)
Alkaline phosphatase (U/L), mean (SD)

ALT/SGPT® (U/L), mean (SD)
Potassium (mmol/L), mean (SD)
Systolic blood pressure, mean (SD)
Smoking status, n (%)

Ever smoked—yes

Ever smoked—no

Ever smoked—unknown
Therapy group, n (%)

Mono

Dual

Triple
Index of multiple deprivation quintile, n (%)

1 (most deprived)

2

3

4

5 (least deprived)

63.7 (11.8)

4377 (57.9)
3180 (42.1)

1844 (24.4)
3822 (50.6)
1891 (25)

4.96 (4.49)

1416 (18.7)
3009 (41)
3042 (40.3)
11.4(2.2)
21.3(29.1)

2010 (6.12)
31.3(6.3)

45(1.2)
1.2(0.3)

80.3 (27.4)
422 (4.0)
9.9(5.2)
89.5 (42.1)
34.2 (24.4)

4.4(0.4)
137 (17.4)

5628 (74.5)
1870 (24.7)
59 (0.8)

2508 (33.2)
4251 (56.3)
798 (10.6)

1583 (16.5)
1609 (21.3)
1497 (19.8)
1396 (18.5)
1246 (16.5)
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Clinical variable Sulfonylurea cohort (N=7557)
Unknown 226 (3.0
Ethnicity, n (%)
White 5606 (75.4)
Others/mixed 259 (3.4)
Missing 1602 (21.2)
Region, n (%)
Tayside 5965 (78.9)
Fife 1592 (21.1)
Baseline HbA 1 (mmol/mol), mean (SD) 76.5 (16.7)
HbA 1. outcome (mmol/mol) (treatment HbA 1), mean (SD) 61.1 (15.4)
HbA 1 response (change from baseline; mmol/mol), mean (SD) -15.4 (18)

8HbA ¢ hemoglobin A ;..
PHDL: high-density lipoprotein.

CALT/SGPT: aanine aminotransferase/serum glutamate pyruvate transaminase.

Associations Between Clinical Covariatesand
Treatment Response

A linear regression model was fit to assess the relationship
between clinical variables and the change in HbA ., defined as
the difference between baseline HbA ;. and follow-up values
(ie, change=treatment—baseline HbA ;). A negative change in
HbA . indicates a better treatment response to sulfonylureas,

while a positive change signifies a worse response. No feature
scaling (min-max normalization) was applied to the variables
in thismodel. The model demonstrated satisfactory fit, with an
Re value of 0.41 and a significant F-statistic (222.2; P<.001).

https://diabetes.jmir.org/2026/1/e82635

Thelinear regression analysisidentified saveral clinical variables
significantly associated with the change in HbA,. among
individuals treated with sulfonylureas. Older age and higher
baseline HbA ;. were associated with greater HbA ;. reductions
(negative coefficients), indicating more favorable responses. In
contrast, a higher BM| was associated with smaller reductions,
suggesting that individuals with higher BMI may struggle to
achieve desired glycemic control. Additionally, sex differences
indicated that male participants demonstrated dlightly better
response to sulfonylurea treatment than femal e participants.

These associations areillustrated in Figure 1, which presents a
forest plot of the linear regression coefficients and Cls,
highlighting the magnitude and direction of each predictor’s
effect on HbA ;. change.
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Figure 1. Forest plot showing regression coefficients and 95% Clsfor predict
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orsof changein hemoglobin A1 (HbA o). Pointsrepresent model estimates

and horizontal linesindicate 95% Cls. ALT: aanine aminotransferase; SGPT: alanine aminotransferase/serum glutamate pyruvate transaminase; T2D:

type 2 diabetes. * P<.05; ** P<.01; ***P<.001.

Forest plot of linear regression
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C-Peptide Analysis

In asubset of 2361 individual s with nonfasting C-peptide data,
higher C-peptide levels were strongly associated with greater
reductions in HbA . at 12 months (linear regression: 3=-3.2
mmol/mol per log(C-peptide); P<.001). This finding suggests
that preserved endogenous insulin secretion contributesto more
favorable treatment outcomes.

ML Model Performancefor Continuous Outcome

For the continuous outcome of predicting changes in HbA .,

severa models were evaluated. The results indicate that the
BART model exhibited the lowest RMSE of 0.105 (21%) and

https://diabetes.jmir.org/2026/1/e82635
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the lowest mean absolute error of 0.079 (16.1%), highlighting
its effective performance in estimating continuous changes.
XGBoost and NNs aso performed comparably, with RMSE
values of 0.106.

Ontheoriginal HbA . scale, this correspondsto an approximate
prediction error of 13.8 mmol/mol, comparable to the residual
standard error from the linear regression model. Thus, the
clinical prediction error was approximately ~14 mmol/mol.

However, the differences in RMSE and R? across all models
were minimal, indicating that while BART performed dightly
better, the performance of all modelswasrelatively comparable
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(Table2). Thesimilar R? and RM SE values further suggest that
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no single model stands out significantly.

Table. Regression model performance metrics (root mean squared error [RM SE], mean absol ute error [MAE], and R?) for continuous outcome prediction

across all 6 models®

Models RMSE MAE R2

Linear regression 0.106 0.08 0434
RED 0.108 0.082 0.424
SYME 0.106 0.079 0.438
XGBoost 0.106 0.08 0.433
NNE 0.106 0.081 0.427
BART' 0.105 0.079 0.445

3RMSE is shown as the normalized values.
bRF: random forest.

CSVM: support vector machine.

dX GBoost: extreme gradient boosting.
ENN: neural network.

BART: Bayesian additive regression trees.

Statistical Comparison of Model Performance

In addition to reporting standard performance metrics, statistical
comparisons were performed using resampling-based
techniques. Pairwise comparisons of RM SE and R2 values across
all models showed no statistically significant differences in
performance; all ML models, including the linear regression
baseline, performed similarly on this dataset.

Sensitivity Analysis: Residualized HbA ;. Change

A sengitivity analysis was performed to evaluate predictors of
HbA . change independent of baseline glycemia. Across al

models, the maximum R? value decreased to 0.05, indicating
that only ~5% of the residua variance in 12-month HbA .

response was explained by routine clinical features after
removing the effect of baseline HbA ;..

The performance metrics from this analysis further indicated

that the RMSE and R? values remained consistent across most
models (Table 3). However, XGBoost and BART showed poorer

performance, with high RM SE and lower R? values. Thislikely
reflectsthe fact that these algorithms are better suited for large,
high-dimensional, or highly nonlinear datasets, whereas the
present dataset may not contain sufficient complexity. This
consistency across most models suggests that while some
approaches explain marginally more variance in the sensitivity
analysis, their predictive accuracy in terms of mean sguared
error remains stable.

Table. Model performance after adjustment for baseline hemoglobin A, (HbA 1) across al 6 models.

Models RMSE? MAEP R?

Linear regression 0.127 0.095 0.054
REC 0.126 0.095 0.056
symd 0.128 0.094 0.051
XGBooS® 0.230 0.183 0.01
NN 0.127 0.095 0.053
BARTY 0.214 0.191 0.021

8RM SE: root mean squared error.

BMAE: mean absolute error.

°RF: random forest.

dsvm: support vector machine.

©X GBoost: extreme gradient boosting.
NN: neural network.

9BART: Bayesian additive regression trees.

https://diabetes.jmir.org/2026/1/e82635

RenderX

JMIR Diabetes 2026 | vol. 11 | 82635 | p.151
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES

ML Model Performance for Binary Outcome

For the binary outcome of predicting achievement of HbA
<58 mmol/mol, model performance was assessed using the
AUC and accuracy. The XGBoost model achieved the highest
AUC (0.712), followed closely by BART (0.710), indicating
modest discriminatory ability. Logistic regression performed
similarly, with an AUC of 0.702.

The Cls for al models showed substantial overlap (ranging
from 0.681 to 0.724 for logistic regression and 0.692 to 0.733

Garget d

for XGBoost), indicating that no model demonstrated
statistically superior discrimination. Overall, the models were
broadly comparable in their ability to distinguish responders
from nonresponders.

Model-level classification metrics are summarized in Table 4,
and the corresponding ROC curvesfor all modelsare shownin
Figure 2, illustrating their ssimilar performance profiles. In Figure
2, colored curves represent the individual models, visually
reinforcing the overlapping AUCs and the absence of
meaningful differencesin classification performance.

Table. Discrimination and classification performance of binary outcome models.

Models AUC?(95% Cl) Accuracy Precision Recall
Logistic regression 0.702 (0.681 - 0.724) 0.654 0.657 0.628
RE? 0.708 (0.687 - 0.729) 0.652 0.656 0.628
sVM¢© 0.705 (0.684 - 0.727) 0.65 0.656 0.618
XGBoost 0.712 (0.692 - 0.733) 0.646 0.65 0.625
NNE 0.699 (0.678 - 0.72) 0.645 0.645 0.636
BART' 0.71(0.689 - 0.731) 0.651 0.652 636

8AUC: area under the receiver operating characteristic curve.
bRF: random forest.

€SV M: support vector machine.

dX GBoost: extreme gradient boosting.

ENIN: neural network.

'BART: Bayesian additive regression trees.
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Figure 2. Receiver operating characteristic (ROC) curves for binary outcome prediction models. Colors correspond to individual models as shown in
the legend. ANN: artificial neural network; AUC: area under the receiver operating characteristic curve; BART: Bayesian additive regression trees,

SVM: support vector machine; X GBoost: extreme gradient boosting.
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Feature Importance and SHAP Inter pretability

Feature importance analyses consistently identified baseline
HbA . asthe most significant predictor acrossall models. Other
variables such as BMI, alanine transaminase, total cholesterol,
and systolic blood pressure were also found to be significant,
though their rankingsvaried dightly between algorithms. Across
all 5 models, the rankings of key predictors remained largely
consistent.
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To further explain feature contributions, a SHAP summary plot
derived from the XGBoost model is presented (Figure 3),
offering a more granular view of individual feature effects on
model predictions. Baseline HbA ;. had the highest mean SHAP

vaue (0.063), followed by total cholesterol, duration of diabetes,
and age. Higher baseline HbA ., values were associated with

larger predicted reductions in HbA .. (ie, more negative SHAP
values), indicating greater expected treatment benefit.
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Figure 3. Shapley Additive Explanations (SHAP) summary plot of feature importance in predicting glycemic response. Each dot represents 1 patient.
The x-axis indicates the SHAP value (impact on model output). The color gradient reflects feature values (blue=higher values, yellow=lower values).
Features are ordered by mean absolute SHAP values, indicating overall contribution to model predictions. ALT/SGPT: aanine aminotransferase/serum
glutamate pyruvate transaminase; HbA ;: hemoglobin A1, HDL: high-density lipoprotein; T2D: type 2 diabetes.

Baseline_HbA1c

Total cholesterol

T2D duration (0-1 years)
Age

Sex (Male)

BMI

Bilirubin

Mono-therapy
Creatinine

Time of treatment
Average drug dose (High)
HDL cholesterol
Potassium

Average drug dose (Medium)
Year of drug start

Time to treatment start
ALT/SGPT

Alkaline phosphatase
Systolic blood pressure
Albumin

Smoking (Yes)

T2D duration (1-5 years)
Triple-therapy

Smoking (Unknown)

0.007
0.007
0.007
0.006
0.006
0.005
0.005
0.004
0.004
0.004
0.004
0.004
0.004
0.003
0.003
0.003
0.003
0.002
0.002
0.001
0.001
0.000

—

0.000
-0.4 -0.2

Feature value |,

The SHAP plot further showsthat lower total cholesterol values
corresponded to more negative SHAP values, suggesting better
predicted outcomes, whereas higher cholesterol was linked to
reduced response. Similarly, shorter diabetes duration and
younger age were associated with more favorable predictions.
For the variable sex, blue points represent mal e participants and
yellow points represent female participants, male participants
were associated with more negative SHAP values, indicating a
better predicted response, compared to female participants,
whose SHAP values clustered closer to or above zero.

Discussion

Principal Findings

This study compared the predictive performance of traditional
regression models and arange of ML agorithmsfor predicting
glycemic response to sulfonylurea therapy in individuals with
type 2 diabetes. The primary finding is that, with the dataset
used, al models demonstrated comparable predictive
performance. No ML approach significantly outperformed
standard regression for either the continuous outcome or the
binary outcome. These results indicate that, within routinely
collected clinical data, the additional algorithmic complexity
of ML methods does not necessarily yield superior predictive
accuracy. Regression therefore remains a robust and
interpretable option for predicting drug responsein this context.
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Linear regression analysis reveaed that the model explained
approximately 43% of the variancein changesto HbA .. Inthe
sensitivity analysis, after adjusting for baseline HbA ., the
maximum R2 across all models dropped to 0.05, indicating that
only asmall proportion of outcome variability was captured by
theremaining routine clinical features. Thishighlightsthe need
for additional or more informative biomarkers to improve
prediction.

Additionally, only about 50% (n=3818) of the participants
achieved glycemic control after 1 year of sulfonylureatherapy,
despite the relatively homogeneous clinical characteristics of
the cohort. Thisfinding highlights considerable interindividual
variability in treatment response, suggesting that additional
biological and behavioral factors may shape drug efficacy. Such
heterogeneity may reflect differences in pharmacodynamic
sengitivity, medication adherence, 3-cell reserve, and underlying
insulin resistance. BMI and HDL were considered indirect
proxies of insulin resistance, as higher BMI is typicaly
associated with greater insulin resistance, whereas higher HDL
levels are generally linked to improved insulin sensitivity.
Consistent with this, participants with higher BMI had poorer
glycemic response, while those with higher HDL tended to show
more favorable outcomes. However, direct measures of insulin
resistance were not available in this dataset.
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No Added Value From ML Methods

While multiple ML algorithms were evaluated in parallel with
traditional regression models, none demonstrated superior
predictive performance. Across both continuous and binary
outcomes (Tables 2 and 4), differences in metrics such as
RMSE, Re, and AUC were small and not statistically significant,
with overlapping Clsfor all models. Even after hyperparameter
tuning, predictive metrics remai ned modest, suggesting that ML
methods did not uncover hidden patterns or interactions that
traditional models missed.

Thislimited gainin predictive accuracy likely reflectsthe nature
of routinely collected clinical data, which may lack sufficient
biological complexity for ML agorithmsto exploit. When input
variables do not encompass detailed mechanistic information,
even advanced algorithms cannot extract additional predictive
signal. Consequently, transparent and easily interpretable
models, such aslinear or mixed-effectsregression, may remain
preferable, particularly when predictive performance is
comparable. These modelsallow cliniciansto understand feature
contributions directly and trandlate findings into actionable
treatment decisions.

Although complex ML models theoretically enable the capture
of nonlinear relationships, their greater computational burden
and reduced interpretability may limit their clinical utility unless
they provide meaningful improvements in accuracy. The
consistency of results across all modeling strategies, ranging
from simplelinear regression to ensemble and NN approaches,
suggests that the available clinical features may not contain
enough biological heterogeneity for ML methods to offer an
advantage.

By intentionally comparing models of differing complexity,
this study demonstrates that when data lack substantial
nonlinearity or high-dimensional interactions, regression-based
methods may remain more appropriate and efficient. This
finding supportsthe continued reliance on interpretable models
inroutineclinical prediction tasks, where model parsimony and
interpretability remain more valuable than algorithmic
complexity for precision-medicine applications.

Features That Inform Drug Response Prediction

Feature importance and SHAP analyses consistently identified
baseline HbA ., age, BMI, and sex as key predictors across
regression and ML models. Baseline HbA ;. was the strongest
predictor, reflecting both regression to the mean and true
physiological responsiveness[34]. Older age and male sex were
associated with greater HbA ;. reduction, whereas higher BMI
predicted poorer response, aligning with evidence that adiposity
may reduce sulfonylurea effectiveness [35]. These findings
parallel results from the 5-drug predictive model developed by
Denniset al [36], suggesting that these core predictors generalize
across therapeutic classes.

C-peptide, availablefor asubset of participants, showed astrong
positive association with glycemic improvement, consistent

https://diabetes.jmir.org/2026/1/e82635
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with the insulin-secretagogue mechanism of sulfonylureas. This
highlights the contribution of [-cell reserve to treatment
heterogeneity and underscores the value of including
mechanistic biomarkers to enhance model interpretability and
predictive accuracy.

Limitations

This study has several limitations. First, routinely collected
clinical data omit key determinants of treatment response such
asadherence, diet, physical activity, genetics, and socid factors.
Thelimited availability of C-peptide prevented fuller assessment
of B-cell function, and its strong association with response
suggests that the inclusion of mechanistic biomarkers would
likely improve predictive accuracy.

Second, the study population was limited to patients from
Tayside and Fife in Scotland, which may reduce the
generalizability of the findings to other regions or health care
systems with different population characteristics or clinical
practices.

Third, treatment response was assessed using a single HbA ;;
value taken between 6 and 15 months after treatment initiation.
Although data closest to 12 months post-initiation were used,
variability in the follow-up period (6 - 15 mo) may introduce
measurement variability and ought to be considered.

Additionally, the relatively low R values across al models,
even after applying rigorous methods such as a 70/30 train-test
split and 10-fold cross-validation, suggest that the available
clinical features alone do not explain sufficient variation in
treatment response to support strong predictive performance.

Future Directions

Future research should focus on improving prediction models
by incorporating richer and more diverse data sources, including
genetic, metabol omic, and continuous glucose monitoring data,
as well as direct measures of insulin resistance and B-cell
function. Integrating these modalities could improve model
accuracy and help explain why individuals respond differently
to sulfonylurea treatment. In addition, future studies could
explore advanced modeling approaches, such as deep learning
or hybrid models that balance predictive power with ease of
interpretation for clinical use. The increasing availability of
real-world, longitudinal clinical data also supports the use of
time-dependent models, such as recurrent neural networks or
transformer models, to track how treatment response evolves
over time. Finaly, testing these models in independent and
ethnically diverse populations will be important to assess their
generalizability and real-world applicahility.

In conclusion, this study shows that the traditional regression
models remain robust, clinically interpretable, and sufficient
for predicting glycemic response to sulfonylureatherapy using
routine data. The comparable performance of ML methods
suggeststhat model transparency and accessibility may currently
outweigh the small gains offered by algorithmic complexity in
this context.
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Abstract

Background: Theglobal prevalence of type 2 diabetes mellitus (T2DM) poses significant challenges due to its association with
increased cardiovascular risk and complications like cardiovascular autonomic neuropathy. Measures derived from heart rate
variability (HRV) and cardiorespiratory interactions quantified through frequency response function (FRF) and impul se response
(IR) metricsreflect different aspects of autonomic regulation and may provide complementary physiological information relevant
to diabetes-related autonomic alterations.

Objective: The study aimed to investigate whether these metrics, individually or in combination, provide useful physiological
features for distinguishing individuals with and without T2DM using machine learning classifiers.

Methods: Electrocardiogram and respiratory signals from 2 PhysioNet datasets were used to derive 3 domains of autonomic
and cardiorespiratory features: (1) spectra HRV indices reflecting overall variability; (2) FRF metrics characterizing
frequency-specific respiratory-cardiac transfer properties; and (3) causal IR metrics capturing time-domain responsiveness to
respiratory inputs. ML classifiers—logistic regression, support vector machine (SVM) with linear kernel, and SVM with radial
basisfunction (SVM RBF) kernel—assessed the predictive value of individual and combined feature setsunder NearMiss-1 (NM)
undersampling and Synthetic Minority Oversampling Technique oversampling. This systems-based framework may capture
subtle differencesin respiratory-cardiac regulation associated with T2DM more effectively than HRV aone by reflecting integrated
cardiorespiratory coupling.

Results: Acrossclassifiersand balancing strategies, | R features frequently produced comparatively strong standalone performance,
suggesting that causal, time-domain cardiorespiratory dynamics capture informative physiological differences between groups.
With logistic regression and NM, IR features achieved mean accuracy of 0.770 (SD 0.179), precision of 0.783 (SD 0.217), recall
of 0.900 (SD 0.224), and F,-score of 0.798 (SD 0.140). While HRV metrics were the least informative standalone feature set,
the combined HRV+FRF feature set under NM yielded the highest observed performance, with accuracy of 0.830 (SD 0.172),
precision of 0.800 (SD 0.183), recall of 0.933 (SD 0.149), and F,-score of 0.853 (SD 0.145; SVM RBF). Under Synthetic Minority
Oversampling Technique, HRV+IR showed the strongest observed combined performance, yielding accuracy of 0.700 (SD 0.128),
precision of 0.783 (SD 0.217), recall of 0.683 (SD 0.207), and F;-score of 0.691 (SD 0.097) with SVM RBF, surpassing standalone
IR in most metrics, though IR alone retained superior recall (0.950, SD 0.112) and F;-score (0.708, SD 0.038). These results
reflect that performance depends on both feature domain and sampling strategy and that combining features capturing
complementary physiological aspects of autonomic regulation may enhance discriminative ability.

Conclusions: HRV, FRF, and IR metrics each reflect distinct dimensions of autonomic and cardiorespiratory regulation.
Systems-based approaches incorporating frequency-domain and causal dynamic features may offer richer characterization of
diabetes-related regulatory differencesthan HRV alone. Although preliminary and limited by sample size, these findings highlight
promising physiological feature domains and sampling strategies for future investigation. Larger datasets with well-defined
autonomic phenotyping are needed to evaluate generalizability and determine clinical relevance.

(JMIR Diabetes 2026;11:e82084) doi:10.2196/82084
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heart rate variability; frequency response function; impulse response; type 2 diabetes; diabetic autonomic neuropathy; machine
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Introduction

The International Diabetes Federation [1] reports that global
prevalence of diabetes in adults aged 20 - 79 years rose from
151 million (about 4.6% of the global population) in 2000, to
589 million (11.1%) in 2024, with projections reaching 853
million (13.0%) by 2050. Over 90% of these cases are type 2
diabetesmellitus (T2DM). Diabetesis associated with atwofold
increase in the risk of vascular diseases, including coronary
heart disease and stroke, independent of common risk factors
such as obesity and hypertension [2].

Cardiovascular autonomic neuropathy (CAN), affecting from
12% to 73% of patients with T2DM and linked to a 3.45-fold
mortality risk [3], isahighly prevalent but frequently overlooked
microvascular complication, aso found in prediabetic
individuals with metabolic syndrome [4]. Sdrensen et a [5]
demonstrated that generalized microvascular dysfunction is
already present in prediabetes and becomes more pronounced
in established T2DM. These findings suggest that microvascular
impairment precedes and may contributeto later cardiovascular
complicationsin T2DM, supporting its role as a potential early
target for intervention.

Reduced heart rate variability (HRV) is an early sign of CAN
inindividuals with diabetes and prediabetes [6]. HRV has been
used in many studies to quantify cardiovascular autonomic
function in T2DM, demonstrating that diabetes significantly
affects both the sympathetic and parasympathetic branches of
the autonomic nervous system [7]. Lower HRV in diabetic
subjects, compared to controls, indicates an impaired ability to
adapt to physiological stressors, such as physical exercise and
orthostatic stress. Using HRV to measure cardiac autonomic
function, Wang et a [8] demonstrated that autonomic
dysfunction precedes the development of T2DM, particularly
in younger individuals, even after adjusting for cardiovascular
risk factors. Given that HRV metrics can capture changes in
autonomic control associated with diabetes progression [9],
they may provideinsight into early physiological aterationsin
individuals at risk for T2DM. Some studies have advocated the
use of standardized cardiovascular autonomic reflex tests
(CARTS) rather than measurements of spontaneous HRV, but
amajor limitation of CARTsisthat they require varying levels
of subject cooperation, and differing levels of attention or
anxiety may lead to intersubject and intrasubject variability in
test results [10].

While HRV anaysis offers important insights into
cardiovascular autonomic regulation, it is well known that
respiratory patterns influence HRV (eg, respiratory sinus
arrhythmia), potentially confounding cardiovascul ar autonomic
assessments. Different approaches have been proposed in the
literature to address thisissue. One approach isto estimate the
frequency response function (FRF), or spectral transfer function,
between changesin respiration (asinput) to variationsin R-to-R
interval (RRI) (asoutput) [11-13]. For instance, Khoo et al [11]
demonstrated that the average transfer gain between respiration
and RRI, an FRF-derived metric representing vagal control that
specifically accounts for respiratory influences, outperformed
traditional HRV by explicitly accounting for respiratory
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contributions. In the context of T2DM, such FRF-based
descriptors may offer complementary insights into
cardiorespiratory interactions that differ between individuals
with and without diabetes, highlighting physiological dimensions
not captured by HRV aone.

Since the cardiovascular and respiratory systems are inherently
interconnected in a closed-loop framework, a limitation of the
FRF approach isits assumption of a 1-directional, feedforward
influence from input to output, with no reciprocal feedback.
However, these systems interact bidirectionally, with
cardiovascular and respiratory signals influencing each other.
This simplification may complicate theinterpretation of results.
To address the inherent noncausal nature of the FRF, an
alternative approach is to estimate the time-domain impulse
response (IR) between measured input and output within a
mathematical model of the underlying dynamics. This
representation allowsthe output to depend explicitly on present
and past values of the input, but not future values, as well as
the inclusion of delaysinto the model. This effectively “opens
the loop,” helping separate feedforward influences from
feedback interactions [14,15].

In this study, we sought to investigate how these different,
complementary measures of autonomic regulation—spectral
measures of HRV, noncausal systems-based FRF metrics, and
causal IR-derived indices—differ between subjects with and
without T2DM. We then examined whether these
physiologically grounded descriptors provide discriminative
value for distinguishing T2DM from controls in machine
learning (ML) models.

To the best of our knowledge, thisis the first study to evaluate
HRV, FRF, and IR metrics collectively in a ML framework to
examine physiologically grounded differences between
individuals with and without T2DM. By systematically
evaluating individual and combined feature domains, this study
provides exploratory evidence on the potential value of
multivariate, systems-based physiological descriptors in
distinguishing diabetes-related regul atory patterns.

Methods

Database

This study used 2 publicly available PhysioNet repositories
curated by the same research group: the cerebral vasoregulation
in diabetes dataset [ 16] and the cerebral perfusion and cognitive
decline in type 2 diabetes dataset [17]. Both datasets were
collected at the Syncope and Falls in the Elderly Laboratory at
Beth Israel Deaconess Medica Center (BIDMC), Harvard
Medical School, Boston, MA, by the research group of Dr. Vera
Novak, under comparable experimental conditions and using
the same core infrastructure, ensuring methodological
compatibility. Among other measures, the studies analyzed
electrocardiogram (ECG) and respiration signals recorded during
a standardized “sit-to-stand” test in subjects with T2DM and
age-matched controls, aged 50 - 85 years.

The demographics and clinical characteristics, including
hemoglobin Alc, of the groups that participated in the
sit-to-stand test in both datasets are summarized in Table 1,
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reflecting mean and SD of available data, as some participants

Table. Main characteristics of the groups.
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lacked demographic (n=2) or clinical (n=8) information.

Variable Groups, mean (SD) P vaue
Control (n=21) T2DM?2 (n=49)

Age(y) 64.6 (8.1) 63.7 (8.1) .61

Mass (kg) 68.6 (11.2) 83.2 (15) <.001P

BMI 242 (2.6) 29.0(5.1) <.001P

HbA 1S (%) 5.4 (0.4) 7.2(1.4) <.001P

RRIY (ms) 877.4 (144.9) 825.8 (137.8) <.001P

aT2DM: type 2 diabetes mellitus.
bp<.05 (data are mean [SD]).
®HbA 1¢: hemoglobin A ;.

9RRI: R-to-R interval.

Ethical Consider ations

This study involved secondary analysis of two publicly
available, deidentified datasets hosted on PhysioNet: the
Cerebral Vasoregulation in Diabetes dataset and the Cerebral
Perfusion and Cognitive Decline in Type 2 Diabetes dataset.
The original data collections were conducted at BIDMC under
institutional review board (IRB) approval (IRB 2003P000013
and IRB 2005P000338, respectively). All participants provided
written informed consent prior to enrollment in the original
studies.

In the origina protocols, participants were admitted to the
Clinical Research Center at BIDMC, whereall study procedures
were conducted under medical supervision. Privacy and
confidentiality were maintained under | RB-approved procedures,
and data were handled in accordance with institutional and
federal regulations governing human subjects research. The
datasets made available on PhysioNet were fully deidentified
prior to public release, and no personally identifiableinformation
isincluded.

This study used only publicly available, deidentified data and
did not involve direct contact with participants. Therefore, no
additional ethicsapproval or informed consent wasrequired for
this secondary analysis.

The original study documentation does not specify whether
participants received financial compensation for participation.

All procedures adhered to the ethical standards of theresponsible
IRBs and to the principles outlined in the Declaration of
Helsinki.

Data Preprocessing

For accurate interpretation of spectral measures of HRV, the
data should be essentially stationary. As per the European
Society of Cardiology/North American Society of Pacing and
Electrophysiology Task Force on HRV [18], recordings should
be short enough to meet stationarity requirements for
frequency-domain analyses, yet long enough to capture at least
10 cycles of the cut-off frequency for the low-frequency (LF)
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HRV component, typicaly set at 0.04 Hz (corresponding to a
periodicity of 25 s). Taking these considerations into account,
we selected 4-minute (240 s) segments in the sitting position
for analysis. Recordings with significant signal loss due to
equipment recalibration, brief unexplained signal flattening
(repeatedly found in the respiratory signals), or excessive ectopic
beats were excluded from analysis. In the recordings that were
available for this study, only about half of the participants had
data measured in both sitting and standing postures. To
maximize sample size for our analyses, we chose to use data
from the sitting posture only.

Theoriginal pooled dataset included 21 control subjectsand 49
individuals with T2DM. However, because the IR feature set
requires each subject to have both valid ECG and respiration
signals, we restricted analysis to subjects who had valid
recordings of both signals. To ensure directly comparable
evaluations of all feature sets (HRV, FRF, and IR), we elected
to use the same subset of participants across every
machine-learning analysis. After applying all preprocessing
steps, the final consistent dataset comprised 18 T2DM subjects
and 11 controls. These fixed sample sizes were used for all
classifiers and all feature-set comparisons to avoid bias
introduced by varying subject availability across methods.

Data processing was performed using the Cardiorespiratory
System Identification Lab [19], a fredy available
MATLAB-based softwaretool for eval uating autonomic nervous
system function through HRV and cardiorespiratory system
analysis. Key steps included detecting R-waves in the ECG
using a Pan-Tompkins-based agorithm [20] to obtain the RRI
time series and converting the arflow data (in mL/s) into
instantaneous lung volume (ILV) in mL. To prepare the data
for spectral and IR analyses, the RRI and ILV signals were
resampled at 4 Hz after detrending to eliminate very LF
oscillations [21].

Spectral Analysisof HRV

Spectral analysis of the ressmpled HRV signal was conducted
using power spectral density estimation via the Welch method
with a Hann window to minimize spectral leakage. We
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calculated the LF (0.04 to 0.15 Hz) and high-frequency (HF)
(0.15t0 0.4 HZ) [ 18] components of the RRI time series, aswell
asthe LF by HF ratio. These spectral indices provide insights
into cardiac autonomic modulation, with HRVHF often linked
to vagal activity and HRVLF reflecting a mix of sympathetic
and parasympathetic inputs [18,22-24], with the ratio
HRVLFHFHRVLFHRVHF) commonly interpreted as a
measure of “sympathovagal balance,” athough this view has
been challenged [25-27].

System-Based Analysesin the Frequency and Time
Domains

To incorporate the influence of respiratory-heart rate coupling,
we used the FRF and IR analyses. FRF estimates how an output
response (eg, RRI) is modulated by an input (eg, respiration),
providing a frequency-based perspective on autonomic
regulation [28]. Specifically, the FRF gain quantifies the
efficiency of coupling between respiratory inputs and cardiac
responses, with higher gainsindicating stronger modulation of
heart rate by respiratory oscillations [28]. In this study, we
calculated FRF gain values for LF and HF bands (|JFRF|LF and
|FRFHF, respectively) to quantify respiratory influences on
RRI. By anayzing frequency-specific dynamics, the FRF
highlights how respiratory-cardiac coupling (RCC) varies across
physiologically relevant frequency bands. However, FRF is
inherently limited in its ability to assess causal interactions, as
it does not disentangle feedforward from feedback mechanisms
or establish directionality [29].

To address these limitations, IR analysis was used to provide a
time-domain, causal perspective on the system’s dynamics. By
modeling the system’s response to an impulse input in
respiration, IR analysis allows for the characterization of the
system’s adaptability, assessing how effectively and over what
time frame the cardiovascular system can adjust to respiratory
inputs or other perturbations.

To quantify the ILV-to-RRI IR, we calculated several key
descriptors. IR magnitude, which reflects the strength of the
immediate respiratory influence on cardiac output; dynamic
gain (DG, using total, LF, and HF components), which
represents the average magnitude of the system’s influence
across different frequency bands; and characteristic time (tq,4),
which captures the time it takes for the response to occur or
subside, providing insights into delayed or sustained effects.

These descriptors facilitate statistical comparisons between
groups and capture essential regulatory characteristics of the
RCC mechanism [15]. Together, these metrics help revea the
system’s ability to maintain stability and recover from changes,
offering critical insights into the system’s flexibility and
robustness in both health and disease [15,30]. Further details
on the FRF and IR methodologies are available in the online
supplementary material (Multimedia Appendix 1).

Analysis Procedures

Machine Learning Classifiers

Todistinguish T2DM subjectsfrom controls, we used three ML
classifiers: logistic regression (LR), support vector machines
(SVMs) withlinear kernels (SVM linear), and SVM with radial
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basisfunction (SVM RBF kernels). Wetrained and tested these
classifiers using various feature sets—as described
bel ow—which capture distinct but complementary aspects of
autonomic nervous system function.

Feature Sets and Groupings

Although HRV, FRF, and IR features all originate from the
cardiac timing signal (RRI), they differ in the extent to which
they incorporate respiratory information and in the physiological
mechanisms they reflect. Spectral HRV indices (LF, HF, and
LF/HF) quantify the distribution of oscillatory RRI variability
but remain univariate summary descriptors of oscillatory patterns
influenced by multiple regulatory pathways. FRF metrics
quantify the frequency-specific transfer characteristics of
respiratory—cardiac interactions, capturing the gain and phase
relationships that reflect how respiratory oscillations shape
cardiac timing, but without modeling causal direction. IR metrics
extend this systems-based perspective by characterizing the
causal, time-domain responsiveness of RRI to respiratory
perturbations, thereby providing information about dynamic
adaptability and directional regulation that is not accessible
from HRV or FRF measures alone. Given these complementary
perspectives—overall variability patterns (HRV),
frequency-dependent transfer behavior (FRF), and causa
dynamics responsiveness (IR)—we additionally evaluated
whether combining HRV with FRF or IR features provided
complementary discriminative information beyond any single
feature domain.

Thus, initially, each classification model was trained on one of
the following individual feature sets: (a) HRV metrics, (b) FRF
metrics, or (€) IR metrics. To assess whether combining feature
sets could enhance classification performance, we created
additional feature groupings: (d) HRV+FRF metrics and (€)
HRV+IR metrics.

Covariates, including BMI, were not incorporated into the ML
models. The present study was designed to examine the
physiological content and discriminative behavior of HRV,
FRF, and IR features, rather than to devel op covariate-adjusted
predictive models. This approach reflects the mechanistic focus
of this study and avoids the added model complexity and
potential instability that covariate adjustment would introduce
given the modest sample size.

Handling Class Imbalance

To address the T2DM majority (accounting for about 2/3 of
subjects), we applied NearMiss-1 (NM) undersampling [31]
and Synthetic Minority Oversampling Technique (SMOTE)
[32], comparing performance against the unbalanced dataset.
This approach alowed us to evaluate classifier performance
under different class balance conditions and to compare the
relative effectiveness of undersampling and oversampling in
improving predictive accuracy. A balanced training dataset in
ML iscommonly used to reduce biastoward the majority class.

In this exploratory study, NM and SMOTE were applied to the
full usable dataset prior to generating the 5-fold stratified
cross-validation partitions, rather than separately within each
training fold. This design allowed for direct comparison of
balancing strategies under fixed class distributions, but it also
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entails that, particularly for SMOTE, synthetic samples were
generated using neighborhood information from the entire
dataset. Asaresult, some synthetic samples may appear in both
training and test folds. The resulting performance estimates
should therefore be viewed within the exploratory,
hypothesis-generating scope of the study.

With the usable dataset consisting of 18 T2DM and 11 control
subjects, NM undersampling reduced the majority classto match
the minority class, yielding 11 T2DM and 11 control subjects
(N=22 totad). In contrast, SMOTE oversampling synthesized 7
new control samples, producing abalanced dataset of 18 T2DM
and 18 controls (N=36 total). All classification models under
each balancing strategy were trained using these corresponding
sample sizes.

Data Preprocessing and Feature Standardization

Given that featuresin our dataset span different units, all features
were standardized using z-score normalization (mean 0, SD 1).
This preprocessing step ensuresthat features with larger values
do not dominate the model, which is particularly relevant for
distance-based methods like SVM [33]. Standardizing features
also improves interpretability in LR, as larger coefficients
indicate higher feature importance in classification [34,35].

As with the resampling procedures, z-score normalization was
applied once, before cross-validation, to maintain consistent
feature scaling across all model comparisons. This approach
trades off strict fold-wiseisolation for stability in asmall dataset.

Cross-Validation and Feature Correlation

Prior to model training, we performed correlation analysiswithin
each feature set to identify and exclude featureswith correlations
above 0.8. This minimized redundancy and mitigated
multicollinearity, promoting stable classification model
estimates and clearer interpretation of feature contributions
[36,37]. Applying thisfiltering prior to cross-validation ensured
consistent feature definitions across classifiers and balancing
strategies, which would not have been feasible with fold-wise
filtering given the modest sample size. Models were then
evaluated using 5-fold stratified cross-validation to obtain a
more robust estimate of classification performance and reduce
therisk of overfitting [38].

Performance Metrics and Evaluation

Each classifier's performance was assessed via accuracy,
precision, sensitivity, specificity, F;-score, and area under the
receiver operating characteristic curve (AUC-ROC), averaged
across 5-fold cross-validation. Each metric offersuniqueinsights
into different aspects of classifier performance:

« Accuracy measuresthe overall correctness of the classifier
by caculating the proportion of correctly classified
instances (both true positives and true negatives) among
all instances; however, it may be misleading in imbalanced
datasets, where the mgjority class dominates the metric.
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- Precision evaluates the proportion of true positive
predictions among all positive predictions (true positives
+ false positives), highlighting the classifier's ability to
avoid false positives.

«  Sensitivity (recall) reflectsthe model’s capacity to identify
true positives among all actual positives (true positives +
false negatives), a key metric in clinical contexts where
missing true positive cases (fal se negatives) can be costly.

«  Specificity assesses the model’s performance in correctly
identifying true negatives among all actual negatives (true
negatives + fal se positives), important for determining how
well the classifier avoids false positives.

« F;-scoreisthe harmonic mean of precision and sensitivity,
providing a single balanced metric that is useful when
classes are imbalanced.

+ AUC-ROC summarizes the trade-off between sensitivity
(true positive rate) and 1-specificity (false positive rate)
across different decision thresholds, indicating the
classifier's ahility to distinguish between classes, with a
higher  AUC-ROC vaue reflecting better overall
performance.

Considering multiple performance metrics provides a
comprehensive assessment of each classifier. This approach
reveals strengths and limitations that may not be apparent if
relying solely on accuracy, especially for unbalanced datasets,
which are common in biomedical data. In this study, we
evaluated these multiple performance metrics to assess each
classifier's performance on imbalanced, undersampled, and
oversampled datasets. We aimed to identify the technique that
most effectively mitigated classimbal ance effects and enhanced
model robustness.

Given the modest sample size and the exploratory nature of the
analysis, performance comparisons across classifiers, feature
sets, and balancing strategies were eval uated descriptively using
cross-validated metrics to highlight general performance
patterns. These observed differences provide useful preliminary
indications of how different models and feature sets behave
under the tested conditions.

Results

The results presented provide insight into how each feature set
and sampling method influenced the performance for the T2DM
versus control classification task.

Classification Performance With Individual Feature
Sets Using the Full (Unbalanced) Dataset

Table 2 shows a comparison of the performance metrics for
individual features using the full (unbalanced) dataset, for all
classifiers (LR, SVYM with linear kernel, and SVM with RBF
kerndl).
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Feature set and Accuracy, mean Precision, mean Recall, mean (SD) Specificity, mean  F1-score, mean AUC-ROC?, mean
classifier, mean (SD) (SD) (SD) (SD) (SD)
(SD)
HRV®
LRY 0.487 (0.152) 0.553 (0.077) 0.750 (0.354) 0.100 (0.224) 0.610 (0.192) 0.525 (0.130)
SVME linear 0.587 (0.084) 0.620 (0.073) 0.900 (0.224) 0.100 (0.224) 0.718 (0.098) 0.428 (0.208)
SVM RBF 0.587 (0.084) 0.620 (0.073) 0.900 (0.224) 0.100 (0.224) 0.718 (0.098) 0.617 (0.311)
FRFY
LR 0.613 (0.168) 0.627 (0.128) 0.800 (0.298) 0.233(0.325) 0.692 (0.201) 0.606 (0.268)
SVM linear 0.620 (0.073) 0.620 (0.073) 0.933 (0.149) 0.067 (0.149) 0.744 (0.099) 0.533 (0.326)
SVM RBF 0.620 (0.073) 0.620 (0.073) 0.933(0.149) 0.067 (0.149) 0.744 (0.099) 0.464 (0.137)
IR"
LR 0.660 (0.106) 0.700 (0.183) 0.933 (0.149) 0.200 (0.447) 0.773 (0.060) 0.372 (0.205)
SVM linear 0.620 (0.073) 0.633 (0.075) 0.933 (0.149) 0.100 (0.224) 0.747 (0.073) 0.575 (0.205)
SVM RBF 0.620 (0.073) 0.620 (0.073) 1.000 (0.000) 0.000 (0.000) 0.763 (0.058) 0.700 (0.126)

3performance metrics using individual features (HRV, FRF, or IR) for each classification model (LR, SVM with linear kernel, and SVM with RBF

kernel) using the full, unbalanced dataset.

BAUC-ROC: area under the receiver operating characteristic curve.
CHRV: heart rate variability.

4 R: logistic regression.

€SVM: support vector machine.

'RBF: radial basis function.

9FRF: frequency response function.

MR impulse response.

Upon analyzing the classification performance metrics obtained
for theindividual feature sets—HRV, FRF, and IR metrics—we
observed notable differences. Using the unbalanced dataset, the
IR feature set yielded the highest metric values among the 3
domains, with accuracy (0.660, SD 0.106; L R), precision (0.700,
SD 0.183; LR), recall (0.933, SD 0.149; LR and SVM linear),
and F-score (0.773, SD 0.060; LR). FRF showed intermediate
performance, while HRV consistently exhibited the lowest
values across classifiers.

A comparative analysis of model performance indicated that
the SVM linear and SVM RBF models performed comparably
to the LR model across most metrics. For the IR feature set, the
SVM RBF model achieved the highest recall (1.000, SD 0.000),
while both LR and SVM linear classifiers had arecall of 0.933
(SD 0.149). The LR classifier exhibited the highest precision
(0.700, SD 0.183) and F;-score (0.773, SD 0.060).

Specificity was low across all feature sets in the unbalanced
dataset, in which approximately two-thirds of the subjects are
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T2DM, hindering accurate classification of negative samples.
Thisunderscorestheimportance of using appropriate strategies
to address data imbalance for improved model performance.

Impact of Near Miss-1 Under sampling on Individual
Feature Sets

Tables 3 and 4 show a comparison of performance metrics for
individual features using NM undersampling and SMOTE
oversampling, respectively. NM improved performance across
all feature sets. The IR feature often demonstrated comparatively
stronger performance (eg, LR: accuracy 0.770, SD 0.179;
precision 0.783, SD 0.217; recall 0.900, SD 0.224; specificity
0.633, SD 0.415; and F;-score 0.798, SD 0.140), exceeding
both HRV and FRF features in several metrics. While FRF
features performed well, particularly in recall (1.000, SD 0.00)
for both SVM linear and SVM RBF models, the IR features
provided more balanced performance across all metrics. The
HRV feature set consistently exhibited the lowest performance
metricsin this scenario.
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Table. Comparison of performance metrics across feature sets and classifiers using NearMiss-1 (NM) undersampling (individual features)?.

Feature set and Accuracy, mean Precision, mean Recall, mean (SD) Specificity, mean  F1-score, mean AUC—ROCb, mean
classifier (SD) (SD) (SD) (SD) (SD)
HRV®
LRY 0.640 (0.272) 0.567 (0.365) 0.733 (0.435) 0.567 (0.253) 0.783 (0.158) 0.767 (0.224)
SVME linear 0.730 (0.192) 0.683 (0.207) 0.900 (0.224) 0.567 (0.253) 0.765 (0.190) 0.767 (0.224)
SVM RBF 0.730 (0.192) 0.683 (0.207) 0.900 (0.224) 0.567 (0.253) 0.765 (0.190) 0.767 (0.224)
FRFY
LR 0.560 (0.251) 0.580 (0.239) 0.767 (0.325) 0.400 (0.418) 0.628 (0.230) 0.533 (0.298)
SVM linear 0.640 (0.251) 0.630 (0.244) 1.000 (0.000) 0.300 (0.447) 0.752 (0.173) 0.667 (0.204)
SVM RBF 0.640 (0.251) 0.630 (0.244) 1.000 (0.000) 0.300 (0.447) 0.752 (0.173) 0.500 (0.373)
IR"
LR 0.770 (0.179) 0.783 (0.217) 0.900 (0.224) 0.633 (0.415) 0.798 (0.140) 0.700 (0.447)
SVM linear 0.600 (0.235) 0.600 (0.235) 1.000 (0.000) 0.200 (0.447) 0.731 (0.163) 0.767 (0.253)
SVM RBF 0.540 (0.185) 0.525 (0.145) 0.700 (0.447) 0.367 (0.415) 0.654 (0.178) 0.733 (0.308)

3performance metrics of balanced datasets using individual features (HRV, FRF, or IR), by applying NM undersampling.
BAUC-ROC: area under the receiver operating characteristic curve.

°HRV: heart rate variability.

IR logistic regression.

€SVM: support vector machine.

'RBF: radial basis function.

9FRF: frequency response function.

NIR: impul se response.
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Table. Comparison performance metrics across feature sets and classifiers using Synthetic Minority Oversampling Technique (SMOTE)—balanced

data (individual feature sets)?

Feature set and Accuracy, mean Precision, mean Recall, mean (SD)  Specificity, mean  F1-score, mean AUC-ROCP, mean
classifier (SD) (SD) (SD) (SD) (SD)
HRV®
LRY 0.550 (0.167) 0.619 (0.230) 0.617 (0.361) 0.500 (0.373) 0.547 (0.171) 0.654 (0.169)
SVME linear 0.607 (0.164) 0.586 (0.114) 0.833 (0.236) 0.383 (0.274) 0.673 (0.130) 0.717 (0.162)
SVM RBF 0.604 (0.192) 0.686 (0.288) 0.683 (0.207) 0.567 (0.435) 0.639 (0.136) 0.683 (0.190)
FRFY
LR 0.446 (0.215) 0.450 (0.132) 0.633 (0.280) 0.250 (0.250) 0.523 (0.187) 0.408 (0.264)
SVM linear 0.446 (0.074) 0.380 (0.217) 0.633 (0.375) 0.250 (0.306) 0.592 (0.069) 0.300 (0.326)
SVM RBF 0.450 (0.133) 0.394 (0.229) 0.683 (0.410) 0.200 (0.209) 0.623 (0.097) 0.233 (0.320)
IR"
LR 0.529 (0.156) 0.587 (0.250) 0.600 (0.379) 0.517 (0.291) 0.520 (0.190) 0.629 (0.193)
SVM linear 0.611 (0.062) 0.569 (0.041) 0.950 (0.112) 0.267 (0.181) 0.708 (0.038) 0.771 (0.062)
SVM RBF 0.532 (0.088) 0.434 (0.247) 0.617 (0.439) 0.417 (0.328) 0.615 (0.146) 0.692 (0.216)

3Performance metrics of balanced datasets using individual features (HRV, FRF, or IR), by applying SMOTE oversampling.

BAUC-ROC: area under the receiver operating characteristic curve.
CHRV: heart rate variability.

AR logistic regression.

€SVM: support vector machine.

'RBF: radial basis function.

9FRF: frequency response function.

NIR: impul se response.

Notably, applying NM undersampling improved specificity
across al classification models (eg, LR: increased from 0.100,
SD 0.224 to 0.567, SD 0.253), enhancing its reliability in
classifying negative samples (ie, control subjects) whilereducing
false positives.

The SVM linear and SVM RBF models tended to show higher
accuracy and recall thanthe LR classifier for the HRV and FRF
feature sets, although their F;-scores were not consistently
higher. For the IR feature set, the LR classifier generally
produced metricsthat were equal to or dlightly higher than those
of the SVM models. The 2 SVM classifiers exhibited very
similar performance metrics across each individual feature set,
with the RBF kernel showing slight advantagesin certain cases.
Overdll, the IR feature set paired with the LR model showed
some of the comparatively stronger results on the balanced
dataset.

Classification Performance Using SMOTE
Oversampling on Individual Feature Sets

SMOTE oversampling enhanced performance acrossall feature
sets compared to the unbalanced dataset. Within this setting,
IR featuresfrequently showed comparatively strong performance
across classifiers, with the LR model showing the highest
precision (0.587, SD 0.250) and specificity (0.517, SD 0.291)
among al classifiers. The SVM linear classifier achieved the
highest accuracy (0.611, SD 0.062), recall (0.950, SD 0.112),
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F1-score (0.708, SD 0.038), and AUC-ROC (0.771, SD 0.062),
while the highest specificity was obtained from the LR model
(0.517, SD 0.291).

TheHRV features produced the next highest metric values, with
the SYM RBF model showing the highest precision (0.686, SD
0.288) and specificity (0.567, SD 0.435). Both SYM models
showed comparable F;-score (0.673, SD 0.130 for SVM linear)
and AUC-ROC (0.717, SD 0.162 for SVM linear). While the
LR model benefited from SMOTE balancing compared to the
original dataset, it showed dightly lower overall metricsrelative
to the SVM models.

The FRF feature set, however, showed lower overdl
performance across all classifiers compared to HRV and IR,
indicating limited discriminatory power, particularly in
specificity and precision. This suggests that the FRF indices
may lack comprehensive information required for effective
classification across all classifiers when using the
SMOTE-oversampled dataset.

In terms of model comparisons, the SVM linear classifier
generally showed comparatively strong performance across
feature sets, particularly when paired with IR metrics. The SYM
RBF model demonstrated high recall but tended to have lower
precision and F;-scores than SVM linear. Although SMOTE

improved LR performance, it lagged behind SVM models,
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except when using the IR feature set, where it showed
competitive results.

Overall, SMOTE baancing improved specificity and overall
classification reliability over the unbalanced dataset. The
combination of IR featureswith the SV M linear model produced
some of the strongest performance patterns observed in this
analysis, underscoring how feature-classifier interactions can
influence discrimination. These patterns offer
hypothesis-generating observations that warrant evaluation in
larger datasets.

Compar ative Effectivenessof Nearmiss-1and SMOTE
for Classifier Performanceon Individual Feature Sets

Comparing the performance metrics of the NM and SMOTE
data balancing approaches, both techniques clearly enhanced
classification metrics over the unbalanced dataset but had
different strengths. NM undersampling often led to higher
specificity across classifiers, indicating better identification of
negative samples. This was particularly notable with the IR
feature set, where the LR (NM) model achieved higher recall
(0.900, SD 0.224) and a superior F;-score (0.798, SD 0.140)
compared to LR (SMOTE), which showed lower recall (0.600,
SD 0.379) and F;-score (0.520, SD 0.19).

The recall and F;-scores of the SVM linear model using
balanced datafrom either NM or SMOTE strategieswere mostly
similar, suggesting comparable performance of the two
balancing methods for this classifier. While SVM RBF (NM)
showed dlightly better recall and F;-score than SVM RBF
(SMOTE), the differences were marginal due to the high
variability in the results.

https://diabetes.jmir.org/2026/1/e82084
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In general, SMOTE effectively enhanced sensitivity, well-suited
for identifying T2DM cases, though its effectiveness varied by
classifier and feature set, with inconsistent AUC-ROC gains.

NM, on the other hand, was more effective for improving
specificity and F;-scores (eg, LR and SVM linear with IR),
particularly advantageous for non-T2DM classification. These
results underscore the importance of selecting the appropriate
data balancing approach based on specific classification goals
and the clinical implications of false positives versus false
negatives.

Combined Feature Sets Analysis

We aso evaluated whether combining HRV, FRF, and IR
features would enhance classification performance. Table 5
shows a comparison of the performance metrics for the
combined HRV+FRF and HRV +IR feature sets, along with the
metrics of the individual IR feature set, using the full
(unbalanced) dataset, for al classifiers (LR, SVM linear, and
SVM RBF).

For the full, unbalanced dataset, combinations (HRV+FRF and
HRV+IR) did not provide a significant advantage over using
individual FRF or IR feature sets. The IR feature set alone
generaly showed the strongest performance patterns across
models, with comparatively higher accuracy, precision, recall,
and F-score rel ative to the combined feature setsin this setting.

Tables 6 and 7 show a comparison of performance metrics for
the combined HRV +FRF and HRV +IR feature sets, along with
thosefor theindividua IR feature set, using NM undersampling
and SMOTE oversampling, respectively.
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Table. Comparison of performance metrics for combined feature sets (H Rva+FRFb, HRV+IR®) and individual IR feature set using unbalanced data’.

Feature set and Accuracy, mean Precision, mean Recall, mean (SD) Specificity, mean  F1-score, mean AUC-ROC®, mean
classifier (SD) (SD) (SD) (SD) (SD)
HRV+FRF
LR 0.553 (0.141) 0.520 (0.292) 0.700 (0.447) 0.233 (0.325) 0.730 (0.109) 0.469 (0.291)
svMY linear 0.620 (0.182) 0.613 (0.173) 0.867 (0.298) 0.167 (0.236) 0.714 (0.219) 0.422 (0.248)
SVM RBE" 0.547 (0.166) 0.567 (0.149) 0.800 (0.298) 0.067 (0.149) 0.661 (0.208) 0.656 (0.374)
HRV+IR
LR 0.553 (0.141) 0.600 (0.091) 0.833 (0.236) 0.100 (0.224) 0.687 (0.124) 0.467 (0.302)
SVM linear 0.587 (0.084) 0.620 (0.073) 0.883 (0.162) 0.100 (0.224) 0.720 (0.073) 0.492 (0.298)
SVM RBF 0.547 (0.117) 0.587 (0.084) 0.883 (0.162) 0.000 (0.000) 0.701 (0.098) 0.597 (0.284)
IR
LR 0.660 (0.106) 0.700 (0.183) 0.933 (0.149) 0.200 (0.447) 0.773 (0.060) 0.372 (0.205)
SVM linear 0.620 (0.073) 0.633 (0.075) 0.933 (0.149) 0.100 (0.224) 0.747 (0.073) 0.575 (0.205)
SVM RBF 0.620 (0.073) 0.620 (0.073) 1.000 (0.000) 0.000 (0.000) 0.763 (0.058) 0.700 (0.126)

3HRV: heart rate variability.

bFRF: frequency response function.

CIR: impulse response.

9performance metrics usi ng combined feature sets (HRV+FRF and HRV+IR), compared to the individual IR feature set, for each classification model
(LR, SVM linear, and SVM RBF) using the full, unbalanced dataset.

€AUC-ROC: area under the receiver operating characteristic curve.
LR: logistic regression.

9SVM: support vector machine.

PRBF: radial basis function.
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Table. Comparison of performance metricsfor combined feature sets (H Rva+FRFb, HRV+IR®) and individual IR set, using NearMiss-1 (NM) balanced
d

data’.
Feature set and Accuracy, mean Precision, mean Recall, mean (SD) Specificity, mean  F1-score, mean AUC-ROC®, mean
classifier (SD) (SD) (SD) (SD) (SD)
HRV+FRF
LR 0.680 (0.280) 0.667 (0.236) 0.833 (0.236) 0.533(0.361) 0.733(0.221) 0.667 (0.295)
SVMY linear 0.730 (0.076) 0.667 (0.000) 0.933 (0.149) 0.533 (0.075) 0.773 (0.060) 0.767 (0.253)
SVM RBE" 0.830 (0.172) 0.800 (0.183) 0.933 (0.149) 0.733 (0.253) 0.853 (0.145) 0.800 (0.274)
HRV+IR
LR 0.680 (0.344) 0.767 (0.325) 0.667 (0.312) 0.700 (0.447) 0.693 (0.300) 0.783 (0.298)
SVM linear 0.730 (0.192) 0.767 (0.224) 0.833 (0.236) 0.633 (0.415) 0.760 (0.146) 0.800 (0.274)
SVM RBF 0.680 (0.125) 0.700 (0.183) 0.833 (0.236) 0.533(0.361) 0.720 (0.073) 0.667 (0.312)
IR
LR 0.770 (0.179) 0.783 (0.217) 0.900 (0.224) 0.633 (0.415) 0.798 (0.140) 0.700 (0.447)
SVM linear 0.600 (0.235) 0.600 (0.235) 1.000 (0.000) 0.200 (0.447) 0.731 (0.163) 0.767 (0.253)
SVM RBF 0.540 (0.185) 0.525 (0.145) 0.700 (0.447) 0.367 (0.415) 0.654 (0.178) 0.733 (0.308)

8HRV: heart rate variability.
bFRF: frequency response function.
CIR: impulse response.

9dperformance metrics usi ng combined feature sets (HRV+FRF and HRV+IR), compared to the individual IR feature set, for each classification model
(LR, SVM linear, and SVM RBF) using NM undersampling.

€AUC-ROC: area under the receiver operating characteristic curve.
LR: logistic regression.

9SVM: support vector machine.

PRBF: radial basis function.
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Table . Comparison of performance metrics for combined feature sets (HRva+FRFb, HRV+IR®) and individual IR set, using Synthetic Minority

Oversampling Technique (SMOTE)—balanced data’.

Feature set and Accuracy, mean Precision, mean Recall, mean (SD) Specificity, mean  F1-score, mean AUC-ROC®, mean
classifier (SD) (SD) (SD) (SD) (SD)
HRV +FRF
LR 0.421 (0.183) 0.422 (0.137) 0.550 (0.411) 0.350 (0.253) 0.444 (0.220) 0.446 (0.156)
SVMY linear 0.586 (0.078) 0.553 (0.077) 0.900 (0.137) 0.283 (0.046) 0.680 (0.073) 0.567 (0.231)
SVM RBE" 0.586 (0.192) 0.583 (0.373) 0.483 (0.291) 0.683 (0.207) 0.646 (0.105) 0.600 (0.279)
HRV+IR
LR 0.671 (0.139) 0.650 (0.137) 0.733(0.181) 0.617 (0.112) 0.686 (0.146) 0.688 (0.201)
SVM linear 0.589 (0.200) 0.581 (0.180) 0.900 (0.137) 0.317 (0.335) 0.690 (0.135) 0.729 (0.116)
SVM RBF 0.700 (0.128) 0.783(0.217) 0.683 (0.207) 0.750 (0.306) 0.691 (0.097) 0.742 (0.139)
IR
LR 0.529 (0.156) 0.587 (0.250) 0.600 (0.379) 0.517 (0.291) 0.520 (0.190) 0.629 (0.193)
SVM linear 0.611 (0.062) 0.569 (0.041) 0.950 (0.112) 0.267 (0.181) 0.708 (0.038) 0.771 (0.062)
SVM RBF 0.532 (0.088) 0.434 (0.247) 0.617 (0.439) 0.417 (0.328) 0.615 (0.146) 0.692 (0.216)

8HRV: heart rate variability.
bFRF: frequency response function.
CIR: impulse response.

9dperformance metrics usi ng combined feature sets (HRV+FRF and HRV+IR), compared to the individual IR feature set, for each classification model

(LR, SVM linear, and SVM RBF) using SMOTE oversampling.
€AUC-ROC: area under the receiver operating characteristic curve.
LR: logistic regression.

9SVM: support vector machine.

PRBF: radial basis function.

In NM balanced datasets, the combined HRV +FRF feature set
yielded higher values than the individua IR feature set in
accuracy (0.830, SD 0.172 vs 0.770, SD 0.179), precision
(0.800, SD 0.183vs0.783, SD 0.217), and F;-score (0.853, SD
0.145 vs 0.798, SD 0.140) for the SVM RBF classfier.
HRV+FRF a so produced higher metric valuesthan HRV alone
across all metricsfor SYM RBF (accuracy: 0.830, SD 0.172 vs
0.730, SD 0.192; precision: 0.800, SD 0.183vs0.683, SD 0.207;
and F;-score: 0.853, SD 0.145 vs 0.765, SD 0.190). Among
classifiers, SVM RBF exhibited some of the strongest observed
performance with HRV+FRF, while SVM linear showed
comparable patterns with both HRV+FRF and HRV+IR.

For SMOTE-processed data, the HRV +IR combined feature set
yielded higher values than the individual IR feature set in most
metrics, particularly in accuracy (SVM RBF: 0.700, SD 0.128
vs 0.532, SD 0.088), precision (0.783, SD 0.217 vs 0.434, SD
0.247), and AUC-ROC (0.742, SD 0.139 vs 0.692, SD 0.216).
However, IR alone retained dightly better recall (0.950, SD
0.112 vs 0.900, SD 0.137) and F;-score (0.708, SD 0.038 vs
0.690, SD 0.135) with the SVM linear classifier. Within this
SMOTE-balanced setting, the SVM RBF model showed some
of the strongest performance patterns when paired with
HRV+IR, while SVM linear also performed well, maintaining
a high recal (0.900, SD 0.137) and a comparable F;-score
(0.690, SD 0.135), indicating effective classification sengitivity.
The LR model produced moderate metrics with HRV+IR

https://diabetes.jmir.org/2026/1/e82084

(accuracy: 0.671, SD 0.139; precision: 0.650, SD 0.137,
AUC-ROC: 0.688, SD 0.201), highlighting the use of this
combined feature set even for smpler models.

In summary, the combined feature sets improved overal
classification performancein the SMOT E-bal anced dataset, and
HRV+IR generally produced comparatively strong results across
models. Among the classifiers evaluated, SVM RBF tended to
show some of the higher metric values when paired with this
feature set.

Summary of Performance Findings

Across classifiers and balancing conditions, the IR feature set
often showed comparatively higher performanceasanindividua
feature set, particularly in terms of recall and F;-score with
SVM linear. Combining IR with HRV offered performance
improvements in the SMOTE-balanced scenario and more
modest gainswith NM. In general, combined feature setstended
to show enhanced performance relative to the unbalanced
datasets, particularly when SMOTE was used.

SMOTE tended to increase recall and overal sensitivity,
especiadly for SVM linear, whereas NM produced higher
specificity and F;-scores. These patterns suggest that the choice
of sampling technique should be guided by the classification
goals and the clinical importance of false positives versusfalse
negatives.
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No feature set consistently outperformed others across all
metrics or balancing strategies. For instance, the combined
HRV+FRF feature set performed well with NM, while HRV+IR
showed comparatively better performance under SMOTE. The
IR feature set remained competitive as a standalone option,
showing similar sensitivity-based performance to HRV+FRF.
Under NM, HRV+FRF achieved dlightly higher accuracy,
specificity, F;-score, and AUC-ROC than IR a one, while under
SMOTE, HRV+IR showed improvements in accuracy (0.168),
precision (0.349), specificity (0.333), and AUC-ROC (0.050)
relative to IR. IR alone retained slightly higher recall (0.050)
and F;-score (0.018) in that setting, without added feature

complexity.

Although combined feature sets offered incremental benefitsin
several cases, selecting among them should weigh these gains
against increased model complexity and limited sample size.
For applications where accuracy and precision are emphasi zed,
the HRV+IR feature set under SMOTE may warrant further
investigation. For settings prioritizing simplicity or sensitivity
to potential T2DM cases, the IR feature set under NM may
remain apractical alternative. Overall, these findings represent
hypothesis-generating patterns that may guide future analysis
in larger and more diverse cohorts.

Discussion

Overview of Findings

Thisstudy investigated the effectiveness of variousfeature sets,
classification models, and data balancing techniques for
distinguishing individual swith and without T2DM. Thefindings
highlight the strengths and limitations of different approaches
while examining the discriminative value of HRV, FRF, and
IR metrics. To the best of our knowledge, thisisthe first study
to evaluate these complementary domains of autonomic and
cardiorespiratory regulation within a ML framework in the
context of T2DM. By systematically assessing individual and
combined feature sets, this study provides exploratory insight
into physiologically grounded patterns that may differentiate
cardiorespiratory regulation between individuals with and
without T2DM, supporting future investigations in larger and
independently validated cohorts.

Principal Results

Classification Performance Across Feature Sets

Across individual feature sets, IR function metrics tended to
show comparatively higher predictive performance for
distinguishing individua swith and without T2DM. This pattern
may reflect IR metric's ability to capture causal, time-domain
characteristics of RCC, which could be sensitive to subtle
regulatory differences associated with diabetes. Prior work in
related fields, such as obstructive sleep apnea [21], has
demonstrated the value of causal analyses of cardiorespiratory
interactions, and the present findings extend that insight in the
context of diabetes. To the authors' knowledge, thisis the first
study to evaluate IR metrics in this setting, providing
preliminary evidence that motivates further validation in larger
and clinically characterized cohorts.
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Similarly, Marmarelis et al [39] used IR estimation methodsto
model the causal, directiona influences of arterial blood pressure
and CO, fluctuations (inputs) on cerebral blood velocity (CBV,
output). In particular, from the estimated IRs, they derived
principal dynamic modes—a data-based modeling technique
that decomposes these responses into key dynamic
components—identifying significant reductions in principal
dynamic modes gain (indi cating weakened regul atory responses)
for both arterial blood pressure-to-CBV and CO,-to-CBV
pathways in patients with T2DM compared to controls. This
approach enabled the creation of a composite diagnostic index
with an AUC of 0.78 for differentiating T2DM from controls,
underscoring the value of integrating IR-based directional
modeling and noncausal measures in detecting subtle
physiological impairments.

In our study, when feature sets were combined (HRV+FRF or
HRV+IR), we observed improved or comparable performance
compared to IR aone. These patterns likely reflect the
complementary physiological information captured by the
different domainss HRV  summarizes the overall
frequency-domain structure of cardiac variability, FRF metrics
describe  frequency-specific  transfer  properties  of
respiratory—cardiac interactions, and IR metrics quantify causal
dynamic responsiveness to respiratory inputs.

Prior work aso supports the integrative use of multivariate
autonomic and cardiorespiratory descriptors. Emerging evidence
suggests that metrics targeting specific physiological pathways
can reveal regulatory differences not captured by global HRV
indices. For example, reductions in respiratory—cardiac
interactions have been suggested as early indicators of impaired
autonomic regulation in type 2 diabetes [40]. Similarly,
baroreflex measures derived from causa, model-based
approaches have outperformed traditional spontaneous indices
in predicting clinical outcomes and identifying autonomic
impairment in patient cohorts [41]. Together, these findings
highlight the val ue of model-based approachesfor characterizing
pathway-specific physiological regulation.

Taken together, these findings suggest that HRV, FRF, and IR
metrics probe different aspects of cardiorespiratory autonomic
regulation and may offer complementary perspectives when
assessed individually and in combination. Nonetheless, given
the exploratory nature of the present analysis and the modest
sample size, improvementswith combined feature setsmay also
partly reflect increased feature dimensionality rather than purely
additive physiological contributions.

It is important to emphasize that the classifiers in this study
distinguish diabetes status, not clinically diagnosed autonomic
dysfunction. Therefore, the observed differences likely reflect
diabetes-related physiological alterations that may involve
autonomic components, but our models cannot be interpreted
as detecting or predicting autonomic impairment at the
individual level.

Influence of Balancing Techniques on Performance

Balancing techniques significantly influenced classification
performance. NM consistently improved specificity and
F,-scores, refining class distinction by retaining T2DM (the
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majority class) instances closest to the opposite class. Thisis
particularly important for imbalanced datasets where negative
classidentification is often challenging.

In contrast, SMOTE enhanced sensitivity (recall) for some
classifiers (especially SVM linear), by generating synthetic
samples for the minority class (controls), though specificity
gainswere less consistent. SMOTE’s synthetic samples are not
tailored to emphasize the decision boundary and may lead to
overlap between classes and, consequently, areduced precision
in distinguishing control cases.

Similarly, in a study to assess the efficacy of different ML
models and balancing techniques for diabetes diagnosis using
an imbalanced multiclass dataset (with class O: nondiabetic,
class 1: prediabetic as minorities, and class 2: diabetic as the
majority) [42], the authors found that the overall recall
(macro-averaged across classes) for SVM (linear) and SVM
(RBF) improved with SMOTE oversampling compared to NM
undersampling, though per-class results were mixed (eg, lower
class 1 recall for SYM RBF with SMOTE, despite gains in
classesOand 2). In contrast, when LR was used asthe classifier,
recall was substantially higher using NM balancing compared
to SMOTE, with NM outperforming SMOTE across all
classes—substantial gainsin class 1 (prediabetic, the minority
class, +0.40) and smaller improvementsin class 0 (+0.14) and
class 2 (diabetic, the majority class, +0.05)—suggesting NM is
more effective at balancing the dataset for this classifier,
particularly for the minority class. Specificity was not evaluated
in this study.

These conceptual differences highlight the importance of
sel ecting abal ancing technique aligned with the predictive goals.
The choice depends on prioritizing specificity (NM) or
sensitivity (SMOTE), guided by the clinical implications of
false positives versus false negatives. In clinical screening
contexts, wheretheaimisoften to identify individual s at higher
metabolic or cardiovascular risk, minimizing false negatives
(maximizing recall/sensitivity) is typically more important, as
missed cases may delay further evaluation and preventive care.
Because SMOTE tended to improve recall across feature sets
and classifiers, it may be better aligned with population-level
screening or risk-stratification workflows where sensitivity is
prioritized.

Classifier-Specific Observations

While more complex models like SVM RBF occasionaly
achieved higher performance, linear SVM and LR models
offered comparable results, especially when paired with IR
features. This suggests that even simpler, more interpretable
models can perform competitively when the feature set is
physiologically meaningful—an important consideration for
clinical adoption.

Implications for Understanding T2DM Classification

Thefindings of this study suggest that dynamic, causal features,
particularly those derived from IR metrics, may capture
physiologically meaningful differences in cardiorespiratory
regulation between individuals with and without T2DM. IR
measures quantify the responsiveness of RRI to respiratory
perturbations, which may reflect aspects of autonomic
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adaptability not fully represented by traditional HRV and FRF
metrics. Inthiscontext, reductionsin IR measures may indicate
changes in RCC that warrant further investigation in larger
cohorts.

Across classifiersand balancing strategies, the generally strong
performance of the IR feature set indicatesthat modeling causal,
time-domain dynamics can provide useful discriminatory
information when exploring how T2DM relates to autonomic
and cardiorespiratory regulation. Theintegration of static (HRV
and FRF) and dynamic (IR) metrics offers a preliminary
multivariate perspective on physiological regulationin T2DM,
supporting the hypothesis that complementary domains may
capture different aspects of diabetes-related physiological
differences.

Because this analysis is exploratory and based on a modest
sample size, these interpretations should be viewed as
hypothesis-generating. Future studies with well-defined
autonomic phenotyping will be necessary to clarify the extent
to which these physiological patterns reflect autonomic
regulation, microvascular aterations, metabolic factors, or other
T2DM-related mechanisms.

Limitations

Whilethisstudy providesvaluableinsightsinto the classification
of T2DM using various feature sets, classifiers, and data
balancing techniques, severa limitations should be noted.

A primary limitation isthe relatively modest sample size of the
PhysioNet datasets used, particularly for ML applications in
which multiple feature sets and classifiers are evaluated. This
limited sample size reduces statistical power, increases
fold-to-fold variability in cross-validation, and heightens the
risk of overfitting—despite our use of feature standardization,
correl ation-based feature reduction, and 5-fold cross-validation
to mitigate these issues. Consequently, the generalizability of
the findings to broader and more heterogeneous T2DM
populations is uncertain. Larger, more diverse datasets will be
essential to validate the models, confirm the stability of the
feature sets, and establish their applicability across different
demographic and clinical subgroups. For these reasons, the
conclusions of the present study should be interpreted as
preliminary and exploratory.

Protocol-related differences across datasets represent an
additional limitation. While the protocol for the Cerebral
Perfusion and Cognitive Decline in Type 2 Diabetes dataset
[17] included paced breathing, the Cerebral Vasoregulation in
Diabetes dataset [16] did not involve controlled respiratory
conditions. These differences may influencerespiratory patterns,
autonomic engagement, and cardiorespiratory coupling
dynamics, potentially affecting the FRF and IR estimates used
in this study. As such, part of the observed variability may
reflect protocol -specific physiological factorsrather than group
differencesalone. Future studies using harmonized experimental
designs will be important to isolate and interpret these effects.

A further methodological limitation relates to the
implementation of the class-balancing procedures. In this
exploratory anaysis, NM undersampling and SMOTE
oversampling were applied to the full usable dataset prior to
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generating the 5-fold cross-validation partitions, rather than
separately within each training fold. This approach enabled
direct comparison of balancing strategies under fixed-class
distributions, but it also means that, particularly for SMOTE,
synthetic samples were generated using neighborhood
information from the entire dataset and could subsequently
appear in both training and test folds. Thisintroduces a degree
of information leakage and may partially contribute to the
variability observed in some performance metrics. Such
variability isalso expected given the modest sample size, where
each fold contains relatively few test samples, making
sensitivity, specificity, and F;-score more sensitive to fold
composition. For these reasons, the performance estimates
should be viewed as preliminary. Future studies with larger
datasets will be able to implement fold-wise balancing and
preprocessing to avoid this issue and obtain more stable and
generalizable results.

A related limitation concerns the correlation-based feature
filtering step. To maintain consistent feature definitions across
all model configurations, correlation filtering (threshold =0.8)
was applied onceto thefull usable dataset rather than separately
within each cross-validation fold. This choice avoided the
instability and inconsistency that fold-wise feature selection
would likely introduce in asmall dataset, but it also means that
correlation structure from the entire dataset—including samples
later assigned to the test folds—contributed to the filtering
process. As a result, this preprocessing decision introduces a
potential source of information leakage and could |ead to mildly
optimistic performance estimates. Future work with larger
cohorts will enable fold-wise filtering and more sophisticated
assessments of feature redundancy (eg, varianceinflation factor,
mutual information, principa component analysis—based
methods) while preserving model stability.

A key challenge of incorporating IR metrics is the need for
respiration measurements, which introduces an extra layer of
complexity to the practical implementation of theclinical testing
protocol. This additional signal channel can complicate data
acquisition and processing, potentially limiting the feasibility
of the approach in resource-constrained settings. However,
recent technological advancements have mitigated some of these
challenges by introducing standal one instrumentation systems
that are both portable and low-cost, capable of simultaneously
measuring ECG and respiration signals. Examples of such
systemsinclude the Protocentral tinyECG module (Protocentral),
which uses the MAX30001 chip (Maxim Integrated/Analog
Devices) to integrate biopotential and bioimpedance channels
for ECG and respiration measurements, and the Equivital
LifeMonitor (Equivital), which provides clinical-grade ECG
and breathing rate measurements viaimpedance. These systems
offer user-friendly interfaces and affordability, potentially
reducing barriersto adoption in clinical practice.

It should be acknowledged that BMI is a known modulator of
autonomic regul ation. Because the usable dataset was small and
BMI was strongly collinear with T2DM status, adjusting for
BMI (eg, via analysis of covariance or covariate-adjusted
modeling) would have further reduced statistical power and
produced potentially unstable estimates. Thegoal of thisanaysis
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was to examine the mechanistic and discriminative value of the
physiological features (HRV, FRF, and IR) rather thanto isolate
covariate-adjusted effects. Therefore, BMI was not included as
a covariate. We acknowledge that part of the observed group
differences may reflect the physiological influence of adiposity
rather than diabetes-specific autonomic dysfunction alone.
Future studies with larger and more diverse cohorts will be
needed to disentangle theindependent contributions of adiposity
and diabetes.

Moreover, because HRV, FRF, and IR feature domains are al
derived from cardiac timing data—and FRF and IR additionally
incorporate respiratory inputs—some degree of redundancy
among features is expected. To reduce multicollinearity, we
applied correlation-based filtering (threshold =0.8) across all
feature configurations, including the standal one and combined
feature sets. Although HRV, FRF, and IR capture different but
related aspects of autonomic and cardiorespiratory regulation,
residual redundancy may remain, and some performance gains
from combined feature sets may partly reflect increased
dimensionality rather than strictly complementary physiological
information. Larger datasets will be needed to more clearly
differentiate the unique versus overlapping contributions of
these domains.

Additionally, the study’s reliance on specific classifiers (LR,
SVM linear, and SYM RBF) and balancing techniques (NM
and SMOTE) may restrict generalizability to other ML
frameworks or preprocessing pipelines. Furthermore, while
combined feature sets occasionally improved performance, these
gains were modest relative to the added model complexity.
Future studies should evaluate the trade-offs between feature
aggregation, interpretability, and computational efficiency.

Comparison With Prior Work

As stated by the American Diabetes Association [43], CAN is
asymptomatic in its early stages and detected only by HRV
calculated from recording an ECG either during a shift from a
seated to a standing posture or during a 12 minute deep
breathing test in the doctor’ s office, both of which require patient
cooperation. Using time, frequency, and nonlinear HRV indices
from both resting and orthostatic challenge data, Rathod et a
[44] showed that a classification and regression tree model
showed an accuracy of 0.840, sensitivity of 0.895, a specificity
of 0.667, and an AUC of 0.78 compared to resting HRV alone
with 0.751 accuracy, 0.864 sensitivity, 0.392 specificity, with
an AUC of 0.63 for differentiating autonomic dysfunction in
nondiabetic control and T2DM.

In our study, the HRV feature set obtained from sitting data
showed comparatively lower performance for distinguishing
individualswith and without T2DM, also suggesting that sitting
HRV alone may lack the granularity needed to capture
physiological differences associated with diabetes. IR metrics,
which capture the dynamic influence of respiration on RRI,
frequently demonstrated stronger discriminative performance
than HRV and FRF features within our dataset. For example,
the IR feature set obtained from sitting data showed an accuracy
of 0.770, sensitivity of 0.900, specificity of 0.633, and an AUC
of 0.700 (LR using NM balancing) for differentiating T2DM
from controls, values comparable to those reported by Rathod
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et a [44] despiteusing resting data.alone. These findings suggest
that causal, time-domain representations of respiratory-cardiac
interactions may capture physiological distinctions between
T2DM and control groupsthat are not fully reflected in resting
HRV or noncausal FRF metrics.

Our modeling framework also differsfrom Rathod et a [44] in
itsuse of LR and SVM classifiers rather than a CART model.
CART provides explicit, rule-based decision pathwaysthat are
easily interpretable in clinical settings. LR offers
coefficient-based interpretability, whereas SVMs rely on
margin-based discrimination that emphasizes classification
boundaries rather than direct feature-level explanations.
Therefore, these models represent alternative analytical
strategies, each with distinct strengths in terms of transparency
and decision structure.

Finaly, although IR- and FRF-based metrics may provide
physiologically motivated insights into respiratory—cardiac
regulation, further work incorporating validated autonomic
outcomes will be required to determine their relevance in
assessing autonomic impairment in diabetes.

While our approach leverages physiologically interpretable IR
metrics for passive monitoring, other studies have explored
automated diabetes detection using deep learning model s applied
to ECG-derived signals, though often at the cost of
interpretability. Swapna et a [45] used a hybrid deep neural
network combining a convolutional neural network—ong
short-term memory (CNN-LSTM) using RRI time series
(derived from ECG signals) asinput, achieving 95.1% accuracy
in diabetes detection. These RRIs represent raw HRV data
without specific feature extraction. In a subsequent study,
Swapna et al [46] integrated an SVM classifier following the
CNN-LSTM architecture, improving accuracy to 95.7%.

However, the absence of additional performance metrics, such
as precision, sensitivity, and specificity, obscures the models
ability to minimize false positives and false negatives.
Furthermore, deep learning approaches like CNN-LSTM are
noninterpretable, offering limited insight into which HRV
features drive classification outcomes. In contrast, our study
examined feature domains—spectral HRV, FRF, and IR
metrics—chosen for their physiological grounding in autonomic
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and cardiorespiratory regulation. These features provide
mechanistic insight by characterizing overall variability (HRV),
frequency-domain transfer properties (FRF), and causal dynamic
responsiveness to respiratory inputs (IR). However, while
IR-derived measures such as IR magnitude, DG, and tchar are
physiologically interpretable within a systems-modeling
framework, they require specialized technical understanding.
The value of these metricsliesin their potential to complement
traditional HRV-based assessments by probing different
regulatory pathways. Future work incorporating validated
autonomic phenotyping will be necessary to determine whether
these physiologically motivated descriptors can be translated
into clinically interpretable or actionable tools.

Conclusion

This study highlights the potentia value of dynamic
cardiorespiratory metrics—particularly IR features—for
distinguishing individua swith and without T2DM. By modeling
the causal, time-domain characteristics of RCC, IR metrics
frequently  demonstrated comparatively strong and
physiologically interpretable discriminative performance,
complementing the information provided by traditional HRV
and noncausal FRF measures.

Given the modest sample size and the exploratory nature of the
analysis, these findings should be interpreted as preliminary.
Performance estimates may be affected by dataset-specific
characteristics, limited statistical power, and the risk of
overfitting, and therefore may not generalize to broader
populations.

Taken together, the results suggest that systems-based
cardiorespiratory features—spanning variability measures,
frequency-domain transfer properties, and causal dynamic
responses—capture physiological differences associated with
T2DM that merit further investigation. Future studies using
larger and more diverse cohorts with validated autonomic
phenotyping will be essential to clarify how thesefeaturesrelate
to clinically meaningful autonomic regulation and to evaluate
their broader trandlational relevance. Such work will help
determine the extent to which these physiological domains
contribute to our understanding of diabetes-related regulatory
changes.
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